UNCLASSIFIED 


AD  NUMBER 

ADB004736 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
only;  Administrative/Operational  Use;  MAR  1975. 
Other  requests  shall  be  referred  to  Federal 
Aviation  Adminstration,  Supersonic  Transport 
Office,  800  Independence  Avenue,  SW, 

Washington,  DC  20590.  This  document  contains 
export-controlled  technical  data. 


AUTHORITY 

faa  ltr,  26  apr  1977 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


AD  NO.— ADB004736 

ODC  FILE  COPY 


Ni 


/ 

Report  No.  FAA  SS  73-11-9 

SST  Technology 
Follow-On  Program-Phase  II 
NOISE  SUPPRESSOR/NOZZLE  DEVELOPMENT 

VOLUME  IX 


PERFORMANCE  TECHNOLOGY-ANALYSIS  OF  THE 
LOW-SPEED  PERFORMANCE  OF  MULTITUBE 
SUPPRESSOR/EJECTOR  NOZZLES  (0-167  KN) 


0.  B.  Morden,  R.  S.  Armstrong 

Boeing  Commercial  Airplane  Company 
P.O.  Box  3707 
Seattle,  Washington  98124 


y 

D6-42319 
March  1975 

FINAL  REPORT 

Task  III 


Approved  for  U.S.  Government  onty.  This  document  is  exempted  from 
public  availability  becuase  of  restrictions  imposed  by  the  Export 
Control  Act.  Transmittal  of  tins  document  outside  the  US. 
Government  must  have  prior  approval  of  the  Supersonic  Transport 
Office. 


Prepared  for 

FEDERAL  AVIATION  ADMINISTRATION 


Supersonic  Transport  Office 
800  Independence  Avenue,  S.W. 
Washington,  D.C.  20590 


✓ d'd  o 

ill!  inn  « BT5 

n 


jim 

15© 


* — , 


contents  do  no(  necessarily^ reflect  the  offidal^  "CrCi"-  T 
of  <he  Department  of  Tra„7p„ru«io„^  m fZr“ 
constitute  a standard,  specification,  or  regulation  " 


WfT'Pw 


ST 


TECHNICAL  REPORT  STANDARD  TITLE  PAGE 


2 Government  Accession  No 


• i 

1 -/SST  Technology  Follow-On  Program-  Phase  H. 

Noise  Suppressor -/Nozzle  Development.  Volume  OL  Perform- 
ance Technology —Analysis  of  the  Low  Speed  Performance  of 
Multituhe  Suppressor/Ljector  Nozzles  (0-167  kn) 


9 P»rf<*rmng  Organi/ationNarve  and  Address 

Hoeing  Commercial  Airplane  Company 

P.O.  Box  3707 

Seattle,  Washington  98124 


12  Sponsoring  Agency  Name  and  Address 

Federal  Aviation  Administration 
Supersonic  Trans|x>rt  Office 
800  link  in.  nd mice  Avenue  S.W. 
Washington,  D.C,  20590 


a 


15  Supplementary  Notes 


nent*s  Catalog  No 


i 


6 Performing  Organisation  Code 


8 Performing  Orcanijation  Report  No 


10  Work  Unit  No 


/"  *■  4i-  Cnmrar  t nr  P..» nl  &U , 

f/S-f  DOfr-FA-72WA-2893 

i n T. _£  n i r»  i m . _ 


13  Type  of  Report  and  Period  Covered 


Final  JRetflrt  Task 


14  Sponsoring  Agency^bde 


i s:  ni  ij»  iviT/eci  i *««...> — 


i 


■ i v>i  livUI 


• U MUMIdCI 


•V 

i iie  etlects  of  geometric  v.irialijes  on  the  performance  of  multit  ;be  suppressor/ejector 
nozzles  are  described  and  quantified  lor  static  and  low  forward  velocity  cases.  The  bulk  of 
the  investigation  concentrates  on  configurations  compatible  with  supersonic  transport 
engine  exhaust  systems.  Experimental  results  are  presented  for  28  related,  model-scale 
supprcssor/ejectoi  configurations  tested  at  nozzle  pressure  ratios  from  2 to  4 over  a range 
ol  velocities  from  0 to  167  kn.  High  static  performance  and  minimum  lapse  rate  are  shown 
to  he  compatible  through  the  proper  selection  of  suppressor/ejector  geometry  and  the 
optimum  ejector  inlet  area. 

K 


1 / Key  Words 

Suppressor  nozz! 

Muititube  supprcssoi  /ejcciur 
Nozzle  performance 
Base  ventilation 
SST 

Ejector  performance 


(2a  f*s  I I f , v*/l  l a (1 1 ^ ■ 4 a , 4 f.a  ^4  a. 

i uinutu  vv,  IV  l tall  V THCUS 


19  Security  Classd  (of  this  report) 

Unclassified 


16  Distribution  Siatemenl 

Approved  for  U.S.  Government  only.  This  docu- 
ment is  exempted  from  public  availability  because] 
of  restrictions  imposed  by  the  Export  Control 
Act.  Transmittal  of  this  document  outside  the 
U.S.  Government  must  have  prior  approval  of 
the  Supersonic  Transport  Office. 


form  DOT  f 1700  7 (8  69) 


20  Security  Classif  (of  this  page) 

■ 1 1 

21  No  of  Pages 

22  Price 

143 

UilV  lu.fjl  1 1CU 



R q n 

i - 


j 

i 


lf-5 


A. 


PRFFACF 
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Ibis  report  is  volume  IX  of  the  series  and  was  prepared  by  the  Propulsion  Research  Staff  of 
the  Boeing  Commercial  Airplane  Company . 
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I Ins  document  extends  the  investigation  ot  hare  inultitubc  suppressor  performance ^ and 
siippressoi  ejector  interaction  ellects-  to  include  the  effects  of  low  forward  velocity  on 
the  performance  ol  these  exhaust  systems.  I he  noise  suppression  characteristics  of  the  same 
hardware  are  presented  in  reference  3.  The  work  was  accomplished  under  Task  III  of  the 
HOT  SS  I I odow-On  Technology  Phase  II  Contract  Number  DOTFA72WA-2893. 
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Ihe  average  static  pressure  in  PSIA  obtained  at  area  weighted  taps  on  the 
nozzle  baseplate 
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of  the  tube  entrances 
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axial  distance  from  the  suppressor  exit  plane  to  the  flightlip  hilite  of  the 
ejector. 
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!.()  SUMMARY 


i.i  introduction 

Jot  noise  suppression,  a major  problem  in  the  development  of  supersonic  transports,  has 
experienced  a substantial  technology  change  since  the  termination  of  the  U S.  SS  I program 
Particular  emphasis  has  been  placed  on  the  noise  generated  by  the  high  pressure  ratio  let 
exhaust  How.  A critical  factor  in  the  development  of  jet  noise  suppression  devices  for  ex- 
haust no//le  systems  is  the  maintenance  ol  acceptable  levels  of  thrust  performance  over  the 
flight  icgiiiu.  Application  to  advanced  supersonic  anciaii  ueiiianus  iuat  the  suppressor 
cause  little  or  no  performance  loss  at  cruise  conditions.  This  constraint  generally  means 
that  the  suppressoi  must  he  iciiiKieu  out  oi  iue  jct  stream  id  other  tiiari  takeoff  and  ap- 
proach I light  modes,  and  this  in  turn  severely  limits  the  range  of  suppressor  hardware  param- 
eters that  can  be  considered  for  practical  configurations. 

I his  do  i uincnt  presents  a portion  of  the  DOT -sponsored  program  to  advance  technology 
and  establish  a performance  design  capability  within  mechanical  constraints  and  acoustic 
criteria  tor  now  noise  nuiltitube  suppressor  exhaust  systems.  1 he  investigation  extends 
the  study  of  hare  nuiltitube  suppressor  performance  (ref.  I ) and  suppressor/ejector  inter- 
action ellects  (rel.  2)  to  include  the  effects  of  low  fo*"  nil  velocity  on  the  performance  of 
these  exhaust  systems.  Noise  suppression  characteris  are  presented  on  reference  3.  For 
suppressor/ejector  nozzles,  the  level  of  performance  is  largely  a result  of  the  tradeoff  be- 
tween ejector  lip  suction  and  nozzle  base  drag.  As  the  system  is  subjected  to  forward  veloc- 
ity rim  drag  penalty  produces  a decrease  in  lip  suction  that  is  proportional  to  the  amount 
ol  secondary  air  handled.  I luis,  to  maximize  the  usefulness  of  the  system  over  a range  of 
velocities,  the  present  study  examines  the  mechanisms  available  to  allow  high  static  per- 
formance and  minimize  the  performance  lapse  rate  while  also  maintaining  the  noise  suppres- 
sion and  installation  constraints. 

Results  arc  presented  from  a systematic,  model-scale  experimental  program  which  investi- 
gated the  effects  of  six  suppressor  and  three  ejector  parameters  over  a range  of  velocities 
Irom  0 to  I (>7  kn  and  pressure  ratios  from  2 to  4, 

1.2  RESULTS 

1 he  analysis  ol  the  experimental  work  includes  discussion  of  the  dependence  of  pressure 
ratio  effects  on  velocity  as  well  as  an  individual  treatment  of  each  of  the  geometric  vari- 
ables. A summary  plot  of  peiformance  as  a function  of  pressure  ratio  and  velocity  is  pre- 
sented for  each  configuration  tested.  High  static  performance  and  minimum  lapse  rates 
are  shown  to  he  compatible  through  the  proper  selection  of  suppressor/ejector  geometry 
and  ejector  inlet  area. 


1.3  SUMMARY  OF  FINDINGS 


Over  the  range  of  variables  investigated,  variations  in  geometry  produce  much  hugc-i 


changes  in  the  level  of  performance  than  in  the  rate  of  change  of  performance  with  velocity. 
An  cx  unplc  of  this  is  shown  on  figure  1 for  various  bare  suppressor  nozzles  To  minimize 
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suppressor  drag.  the  use  of  a radial  tube  placement  and  elliptie;il  convergent  tubes  is  recoin- 
meiuleil  I lie  number  ol' tubes  should  be  held  at  the  niinimuii'  consistent  with  suppression 
requirements. 

I urge  :ire:i  ratio  ejectors,  while  producing  large  static  thrust  ;iugnient;ition,  also  have  large 
lapse  rates.  I he  choice  of  ejector  area  ratio  should  include  consideration  ol  the  perform- 
ance over  the  desired  range  of  velocities. 

I he  maximum  overall  performance  during  takeofl  is  provided  by  configurations  which  mini 
na/c  the  afterbody  drag  through  the  appropriate  selection  of  suppressor  variables  and  ef- 
fective ejector  inlet  area. 

I igure  2 shows  an  example  ol  the  performance  of  a suppressor  witli  and  without  an  ejector. 
I he  ejector  case  has  higher  static  performance  and  greater  lapse  rate,  producing  a crossover 
velocity  beyond  which  the  ejector  becomes  a performance  handicap. 

I he  best  performance  results  are  obtained  when  the  ejector  length  is  on  the  order  of  12  to 
15  individual  jet  diameters  for  ejector  area  ratio  < 3.7  and  HAR/NAR  < I 3 Increased 
ejector  length  should  he  considered  il  either  the  ejector  area  ratio  or  the  HAR/NAR  ratio 
is  greater  than  these  values. 

The  majority  of  the  secondary  air  entering  the  ejector  appears  to  pass  through  the  annular 
area  between  the  ejector  lip  and  the  outer  row  tubes.  Only  a small  percentage  of  the  flow 
passes  between  the  tubes  into  I tie  recirculation  region.  The  annular  area  (and  hence  the 
majority  of  the  effective  inlet  area)  is  established  by  the  HAR/NAR  ratio  and  the  ejector 
setback 

I jector  inlet  area  plays  a major  role  in  determining  the  tradeoff  between  lip  suction  and 
base  drag  An  optimum  ejector  inlet  area  exists  for  each  operating  condition  (jet  tempera- 
ture. pressure  ratio,  and  freestieam  velocity)  as  illustrated  in  figure  3. 

I argi  performance  losses  are  observed  as  the  area  is  decreased  from  the  optimum.  In  the 
limit,  the  secondary  air  chokes  at  the  ejector,  producing  shock -induced  How  instabilities 
and  ejector  vibration.  Increases  in  ejector  inlet  areas  beyond  the  optimum  cause  relatively 
small  performance  losses  for  the  range  tested. 

Typical  performance  trends  for  a multitubc  bare  nozzle  are  shown  in  figure  4 

At  any  fixed  velocity,  afterbody  drag  is  a decreasing  percentage  of  ideal  primary  thrust  as 
pressure  ratio  increases.  For  a fixed  pressure  ratio,  the  base  drag  increases  linearly  with 
velocity,  and  the  ramp  drag  increases  in  proportion  to  velocity  squared 

Maximum  static  performance  occurs  between  pressure  ratio  2.5  and  3 0 Lapse  rate, 

|A(  <•'  AV^,  decreases  as  pressure  ratio  increases.  1 Inis  the  peak  performance  decreases 

and  shifts  to  a higher  pressure  ratio  as  velocity  increases.  For  a constant  pressure  ratio 
and  nozzle  area  ratio,  the  level  of  performance  varies  strongly  with  geometry  but  the  lapse 
rale  is  nearly  constant. 
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Figure  4.— General  Behavior  of  Bare  Suppressor  Performance 
as  a Function  of  Pressure  Ratio  and  Velocity 


Typical  trends  for  suppressor/ejector  nozzles  were  studied.  Over  the  range  of  pressure  ratios 
investigated  (2  4).  the  maximum  static  performance  was  found  to  occur  at  or  near  pressure 
ratio  = 2.  The  lapse  rate,  while  still  decreasing  witn  increasing  pressure  ratio,  is  much 
larger  with  ejectors  than  for  similar  bare  suppressor  cases.  Thus,  as  the  velocity  increases 
(relative  to  a bare  suppressor),  the  rate  of  performance  decrease  is  greater  and  the  pressure 
latio  at  which  the  peak  performance  occurs  moves  to  a higher  value  for  the  ejector  case. 

Both  lip  suction  and  base  drag  become  decre  percentages  of  ideal  thrust  as  either 
pressure  ratio  or  velocity  increases.  The  lip  suction  is  more  strongly  dependent  on  pressure 
ratio  than  is  base  drag 


The  geometric  suppressor  parameters  of  tube  number,  tube  shape,  length,  and  array  greatly 
affect  static  performance  but  do  not  contribute  substantially  to  the  rate  of  change  in  per- 
formance due  to  forward  velocity. 


Typically,  static  performance  decreases  as  temperatures  increase  because  of  decreased  sec- 
ondary air  handling.  The  reduced  air  handling  results  in  lower  ram  drag  penalty  and  thus, 
lower  lapse  rate  with  forward  velocity. 

T orthe  type  of  suppressor/ejector  system  investigated,  an  ejector  area  ratio  of  approxi- 
mately 3.1  and  EAR/NAR  of  1 .2  are  recommended  as  providing  the  best  performance 
tradeoffs.  Very  little  setback  would  be  needed  for  such  a configuration,  and  the  s'etback 
could  be  used  to  “fine  tune”  the  system  over  the  range  of  velocity. 
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2.0  INTRODUCTION 

\ " c i .1 1 1 designed  lor  supersonic  cruise  require  engines  with  ;i  high  t hrust-to-lVon t a l-aren 
11,141  lllgh  L'xll;llIst  Jet  velocities.  Noise  suppression  is  essential  during  takeoff,  initial 
chmh-out,  and  landing.  I lie  noise  associated  with  the  high  velocity  jet  can  be  reduced 
substantially  In  placing  hardware  into  the  primary  exhaust  (low  to  break  the  jet  into  small 
elements.  However,  the  extreme  sensitivity  ol  the  supersonic  aircraft  mission  to  nozzle 
performance  during  supersonic  cruise  dictates  that  the  suppressor  hardware,  with  its  in- 
herent thrust  loss,  be  retracted  from  the  jet  during  cruise.  SST  technology  (ref.  4)  demon- 
strated high  suppression  values  lor  multitube  suppressor  nozzles  that  could  be  stowed 
into  the  divergent  portion  of  a high-performance  eon-di  nozzle  during  transonic  ac  .-deration 

, SUpCllsomc  crmsc  (,i»-  5>-  Al  »°w  speeds  the  divergent  portion  of  the  cruise  nozzle  could 
be  moved  outward  !o  lorni  a nearly  constant  area  ejector. 

Bv  |m’VK,m^  ;m  '"Ivt  for  ambient  (secondary ) air  to  be  accelerated  into  the  ejector  by  the 
entrainment  ol  the  high  elocity  primary  jets,  a static  pressure  reduction  is  created  which 
pmduces  a thrust  force  on  the  ejector  lip.  Hie  amount  of  air  entrained  by  the  primary  is 
a luiiction  ol  the  ejector  area  and  length,  among  other  things.  On  the  order  of  twelve  indi- 
vk  ual  jet  diameters  are  required  to  provide  sufficient  mixing  length  to  entrain  the  maximum 
amount  ot  secondary  air  and  obtain  maximum  ejector  lip  suction.  The  use  of  a multitube 

suppressor  makes  the  required  ejector  length  feasible  from  an  installation  and  weight  point 
ol  view. 

The  static  pressure  reduction  at  the  ejector  inlet  also  produces  an  increase  in  the  afterbody 
drag  on  the  suppressor  nozzle.  References  1 and  2 demonstrate  that  the  overall  suppressor 
ejector  performance  is  strongly  influenced  by  the  lower-tlian-ambient  pressure  acting  on 
the  base  area  between  the  tubes.  The  amount  of  base  drag  is  a function  of  both  the  venti- 
lation provided  by  the  suppressor  geometry  and  the  static  pressure  reduction  due  to  the 
secondary  air  inlet  velocity. 

Provided  the  inlet  area  is  large  enough,  the  net  effect  of  the  partially  counteracting  ejector 
'IP  suctlon  aiul  sl,PP'v'xsor  afterbody  drag  is  a stat.  ■ performance  augmentation  due  to  the 
secondary  air  handled  by  the  ejector.  Given  sufficient  ejector  length,  the  amount  of  second- 
aty  air  handled  and  hence  the  static  performance  continues  to  increase  with  increasing 
ejector  area  ratio. 


As  the  ejector  suppressor  is  subjected  to  forward  velocity,  a ram  drag  performance  penalty 
must  he  paid  for  the  secondary  air.  This  penalty,  though  a real  component  of  the  momen- 
tum equation,  is  manilested  as  a reduction  in  lip  suction  with  forward  velocity  The  larger 
the  amount  ol  secondary  air  handled  statically,  the  greater  the  decrease  in  lip  suction  with 
velocity . I ims,  to  properly  evaluate  the  performance  of  a suppressor/ejector  system  maxi- 
mizing the  static  performance  is  not  sufficient  to  produce  the  best  exhaust  system  foi  take- 
oil  and  c lunb-out 

I he  present  investigation  described  and  quantifies  the  mechanisms  available  to  allow  high 
staiic  per  forma  nee  and  minimize  the  rate  of  decrease  in  performance  with  increasing  velocity 
(lapse  rate)  while  maintaining  the  noise  suppression  and  installation  constraints 
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■Application  of  Stowable  Suppressor  to  an  Advanced  SST  Exhaust  System 


Model  scale  testing  was  conducted  on  28  related  supprcssor/ejector  nozzles  at  velocities 
from  0 to  ! 67  kn  and  pressure  ratios  from  2 to  4.  Families  of  suppressors  were  tested  with 
19  to  6 1 tubes.  For  most  configurations,  tube  length  was  maintained  at  a length  compatible 
with  the  stowable  tube  concept.  The  investigation  concentrated  on  elliptical  convergent 
tubes  to  maximize  baseplate  ventilation  while  maintaining  high  internal  performance.  For 
comparison,  sample  configurations  were  tested  with  round  convergent  tubes.  Three  ramp 
shapes  were  used,  and  both  close-packed  and  radial  tube  arrays  were  incorporated.  T he 
nozzle  area  ratios,  NAR  = 2.75-3.3,  were  partially  dictated  by  airplane  installation  re- 
quirements and  partially  by  the  optimums  suggested  in  reference  1.  Configuration- 
oriented  inlet  losses  due  to  ejector  mounting  struts  were  avoided  by  mounting  the  ejector 
independently,  but  on  balance,  on  a separate  support.  Each  ejector  tested  had  a constant 
internal  area  and  a 2 : I elliptical  flight  lip.  The  ejector  area  ratios  investigated  were  2.6, 

3.1 , and  3.7.  1 he  largest  area  ratio  was  substantially  larger  than  is  considered  practical 
for  SSI  application  but  was  used  to  demonstrate  the  effect  of  area  ratio  on  performance 
and  lapse  rate. 

The  report  will  summarize  (lie  experimental  results  for  all  configurations  tested  on  plots 
of  performance  as  a function  of  pressure  ratio  and  velocity.  The  dependence  of  forward 
velocity  effects  on  pressure  ratio  will  be  analyzed.  The  importance  of  each  of  the  suppres- 
sor and  ejector  geometric  parameters  will  be  discussed  separately.  Crossover  velocities  and 
the  behavior  of  restricted  inlets  will  he  presented  along  with  a qualitative  inlet  flow  model. 
Finally,  some  trends  will  be  presented  for  the  effects  of  primary  jet  temperature  on  sup- 
pressor/ejector surface  forces. 
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3.0  PARAMETERS  AND  DEFINITIONS 


3.1  RANGF  OF  VARIABLES 


3.1.1  FLOW  VARIABLES 

• Pressure  ratio:  2 4 

• Primary  temperature  ambient  ami  i I50°F 

• Velocity  < V^)  0-1 67  kn  (0-283  ft /sec) 

3 1.2  SUPPRESSOR  AND  EJECTOR  VARIABLES 

1 be  suppressor  variables  aiul  constraints  for  this  investigation  are  the  same  as  those  discussed 
in  detail  in  reference  I.  The  suppressor  area  ratios  were  limited  to  2.75  and  3.3  as  a result  of 
the  performance  optimum  discovered  in  reference  I and  in  order  to  be  compatible  with 
supersonic  transport  constraints.  Figure  6 shows  the  suppressor  and  ejector  variables. 


<5> 


r~yjyy.£i!s-i!jrBa^^, 


9°°0 

_ h>° 

Close  packed  array 


2°  o 
«*o°° 

Radial  array 


Suppressor  Variables 


1 

2 

3 

4 

5 
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Tube  number:  19  6 1 

An  t utio:  2 75  and  3.3 
2 

(Ti  R|y'(jeometric  flow  exit  area) 

Tube  array  close  packed  and  radial 

T ube  stupe  round  convergent  and  elliptical 
conveigent  (both  converging  to  round  exits) 

Ramp  shape : ellip.  cal,  circular  arc  and  contoured 
Tube  length:  Ly/D  = 0.50  • 0.75* 


*Deq  = 4 in.  throughout  experimental  work 


Ejecto-  Variables 
7 Setback:  (SB'D 


eq 


0-0  25) 


8 Ejector  area  ratio:  2.6-3  7 

9 Ejector  length.  LET)eq  = 2-6 


Figure  6. —Sc  vpressor /Ejector— Schema  tic 
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3.2  CONSTRAINTS 

3.2.1  SUPPRESSOR  CONSTRAINTS 

• Iot.il  effective  exit  ;ire;i  1 3.2  in2  (geometric  exit  area  % 1 3.6  in2  for  convergent 
tubes,  or  approximately  1/10  scale  SST) 

• Approximately  0 5 internal  Mach  number  for  convergent  tubes 

• Coplanar  tube  exits 

• 1 lat  baseplate  (except  contoured  ramp  configuration) 

•'  All  tubes  Within  an  array  the  same  (e.e„  a 37-lubc  array  has  37  tuber,  each  with  0.36 
111"  ol  effective  How  area) 

• Outside  nacelle  diameter  held  constant  (8.89  in.  to  be  representative  of  a scale  SST 
nacelle) 

3.2.2  EJECrOR  CONSTRAINTS 

• tS  in.  long,  L[.  I)Cq  = 2.0  (unless  otherwise  stated) 

• I lightlip  profile  constant  (2:1  ellipse) 

• I jector  thickness  approximately  constant 

• No  suppressor/ejector  mounting  struts  (i.e.,  no  inlet  losses  due  to  installation) 

• Constant  internal  area  (constant  geometric  mixing  area) 

• l or  a given  setback,  axial  distance  from  tube  exit  plane  to  the  ejector  throat  approxi- 
mately the  same  for  all  configurations 

For  most  configurations,  the  ejector  length  was  fixed  at  the  maximum  allowed  on  the  SST 
at  the  termination  ol  the  aircraft  p.oject  (8  in.  model  scale),  To  better  understand  the 

degree  ot  mixing  that  was  occurring  in  the  fixed  length,  the  constraint  was  relaxed  for  a 
tew  configurations. 

3.3  DEFINITIONS  FOR  NOZZLE  AREA  RATIO, 

EJECTOR  AREA  RATIO,  AND  SETBACK 

1 he  various  area  ratios  used  within  this  investigation  are  defined  with  the  aid  of  figure  7. 
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3.3  1 NOZZLE  AREA  RATIO  (NAR) 


Throughout  this  study  the  suppressor  area  ratio  or  nozzle  area  ratio  (NAR)  refers  to  the 
total  area  within  a eircle  tangent  to  the  outermost  portion  of  the  outside  tubes  divided  by 
the  geometric  primary  flow  area.  This  definition  was  chosen  to  be  representative  of  the 
physical  area  required  to  install  the  suppressor.  Notice  that  configurations  with  conver- 
gent tubes  can  have  nozzle  area  ratios  larger  than  ejector  area  ratios  without  implying  jet 
scrubbing  on  the  ejectors. 

3.3.?.  EFFECTIVE  NOZZLE  AREA  RATIO 

The  effective  nozzle  area  ratio  is  defined  as  the  area  within  a circle  tangent  to  the  outside 
of  tile  outer  jets,  at  the  nozzle  exit  plane,  divided  by  the  effective  primary  flow  area 
<CD  A„).  This  area  ratio  is  representative  of  the  jet  that  must  be  contained  by  the  ejector 

3.3.3  EJECTOR  ARE  A RATIO  (EAR) 

Throughout  the  present  investigation,  constant  mixing  area  ejectors  are  used.  The  ejector 
area  ratio  is  defined  as  the  geometric  ejector  How  area  divided  by  the  primary  nozzle  geo- 
metric How  area  (A.,). 

3.3.4  EFFECTIVE  EJECTOR  AREA  RATIO 

The  effective  ejector  area  ratio  is  defined  as  the  geometric  ejector  flow  area  divided  by  the 
primary  nozzle  effective  flow  area  (CjyAp). 

3.3.5  SETBACK 

All  nozzles  in  the  present  investigation  have  coplanar  tube  ends.  The  axial  distance  down- 
stream from  the  tube  exit  plane  to  the  ejector  liilite  is  defined  as  the  setback.  For  all 
ejectors  the  lip  shape  is  a 2:1  ellipse  segment,  and  the  ejector  thickness  is  maintained 
approximately  constant,  resulting  in  nearly  the  same  axial  distance  to  the  ejector  throat 
for  all  ejectors  (for  a fixed  setback). 
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4.0  TEST  DESCRIPTION 


4.1  FACILITY  DESCRIPTION  AND  DATA  ACQUISITION 

I lie  test  was  conducted  in  the  Boeing  Propulsion/Noise  laboratory’s  low-spec  ! wind  tunnel 
(A).  T lie  laeility,  shown  in  figure  8,  is  an  open-circuit  tunnel  with  a 9-  by  9-ft  test  section. 
Driven  by  a gas  generator  and  variable  pitch  propeller,  the  tunnel  velocity  can  be  varied  from 
30  to  I 67  kit  * 

I he  multitubc  suppressors  were  installed  on  a lorebody  as  shown  in  figure  8 and  detailed 
in  figure  9.  | he  dual-flow  lorebody,  enclosing  a variable-slot  burner,  was  mounted  on  a 
six-component  wind  tunnel  balance  located  beneath  the  tunnel  floor.  The  suppressor  air 
How  rate  was  measured  with  an  A.S.M.E.  long-radius  flow  nozzle. 

1 he  boundary  layer  thickness  at  the  ejector  inlet  was  representative  of  that  developed  on 
a model  SST  nacelle,  lo  provide  the  appropriate  inlet  How  on  a forebody  long  enough  to 
incorporate  the  burner,  it  was  necessary  to  use  boundary  layer  suction.  The  location  of  the 
boundary  layer  suction  ports  is  Shown  in  figure  9,  and  a detailed  view  of  the  ports  is  shown 
in  figure  10.  Figure  10  also  shows  the  results  of  the  oil-flow  run  used  to  verify  that  there 
were  no  separation  regions  on  the  forebody. 

Ejectors  are  mounted  on  balance  using  a separate  stand  (fig.  9)  to  avoid  configuration- 
oriented  ejector  inlet  strut  losses.  Aerodynamic  forces  on  the  ejector  stand,  like  those  of 
the  forebody,  are  removed  from  the  force  data  and  treated  as  tares. 

flic  temperature  and  total  pressure  profiles  shown  in  figure  1 1 are  typical  of  the  experi- 
mental values  measured  at  the  instrumentation  cruciform  (14  total  pressure  and  14  thermo- 
couples) for  nominal  1 150°  F test  conditions. 

4.2  DESCRIPTION  OF  NOZZLES 


4.2.1  GENERAL 

All  multitubc  nozzles  share  the  following  characteristics: 

• Total  effective  flow  area  = 13.2  in.^ 

• All  tubes  within  a given  suppressor  are  the  same  size 

• All  tube  exits  arc  coplanar 

• All  tubes  are  convergent,  having  round  exits,  internal  Mach  number  = 0.5  and  cntrance- 
radius-lo-tube  diameter  > 0. 1 

• Nozzle  ramp  and  baseplate  areas  were  instrumented  with  area-weighted  static  pressure  taps 


♦The  sjme  model  hardware  was  used  on  the  Boeing  Hot  Nozzle  Test  facility  to  acquire  the  static  data. 
Dciails  of  the  static  lesting  are  presented  in  reference  2. 
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Figure  10  — Oil  Flow  on  Forebody  and  Boundary  Layer  Suction 


m wQz&pm 


f 


4.2.2  ROUND  CONVERGENT  REFERENCE  NOZZLE  (R/C) 

tUrn^Mce  IfeR-!’"  Th'^'0’  ??'  a>meT*'at  nozz,e  ' ^ 1 ->•  used  as  a noise  and  per- 
rmance  rekrcc.  I Ik  nozzle  has  an  upstream-to-exit  diameter  ratio  ( D/d ) of  I 44  and 

l **°™tTK  CX,t  arca  °f  1 3-825  The  extern;'!  contour  consists  of  a 2°  half-mT 

srtsx:  - - * - — ••  •* -Sc 


Figure  1 2.— Round-Convergent  Reference  Nozzle 


4.2.3  SUPPRESSOR  RAMP  SHAPES 
4.2.3. 1 Elliptical  Ramp 


Used  in  the  majority  of  configurations,  the  elliptical  ramp  , tig.  13)  consists  of  a segmen 

tender  ?CI  °r  V,C  nOZZlC  centerline-  The  se«me"t  is  tangent  to  the  nacelle  and 
tends  to  the  center  ol  the  outer  tube  row. 


4. 2. 3. 2 Circular  Arc  Ramp 

I lie  circular  . re  ramp  (fig.  14)  consists  of  a 35. 5-in. -radius,  circular  arc  that  is  tangent  to  (Ik 
nacelle  and  intersects  the  baseplate  just  outside  of  the  outer  tubes. 
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Figure  1 4.-37  Tube.  NAR  3.3.  Close  Packed  Array  With  Circular  ARC  Ramp; 
EAR  3.1  and  SB'Dga  =-  0.25 
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4.2. 3. 3 Contoured  Ramp 

O 

The  contoured  ramp  (actually,  ramp  and  base  combined)  consists  of  a 40-in.  boattail- 
radius  tangent  to  the  8.89  nacelle  diameter  and  terminating  in  a central  hole  eoplanar 
with  the  tube  exits.  Though  incompatible  with  the  stowable  tube  concept,  the  contoured 
base  was  intended  to  provide  maximum  ventilation  and  ejector  inlet  area  and  to  minimize 

the  separation  region  on  the  base. 

s 

The  contoured  base  was  tested  only  on  the  37-tube,  area-ratio-3.3,  close-packed  suppressor 
with  round  convergent  tubes  (R/37)  as  shown  in  figure  15. 
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Figure  1 5—  Contoured  Ramp 
t 

4.2.4  TUBE  LENGTH 

The  stowable  tube  concept,  as  shown  in  figure  1 , requires  that  the  tubes  be  short  enough  to 
fold  into  the  void  left  as  the  internal  ejector  wall  moves  inward  to  form  the  divergent  portion 

fi  ' 

of  the  eon-di  transonic  acceleration  and  supersonic  cruise  nozzle.  Present  installation  con- 
straints require  that  the  tube  length  nondimensionalized  by  the  equivalent  round  convergent 
jet  diameter  (Ly/Dct|)  be  approximately  0.4  for  stowable  tubes.  The  constraint  was  relaxed 
slightly,  and  most  configurations  were  tested  with  l p/Deq  = 0.5.  The  constraint  was  further 
relaxed  for  a few  configurations  to  establish  the  effects  of  tube  length  on  lapse  rate. 
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4.2.5  CLOSE-PACKED  ARRAYS  (FOUR)  WITH  ELLIPTICAL  RAMPS  AND  TUBES: 
19.  37.  AND  61  TUBES 

I ests  ol  1 9-.  37-,  and  6 1 -tube,  1 3.6411“,  area  ratio  (NAR)  3.3  suppressors  were  made  to 
investigate  t lie  natural  progression  of  nozzles  with  approximately  equal  spacing  between 
all  tubes  in  the  array.  I igures  16  and  I 7 show  key  dimensions  for  each  nozzle.  All  tubes 
are  elliptical  converging  to  round  coplunar  exits. 

A 37-tube,  area-ratio-2.75  nozzle  was  built.  This  nozzle  is  similar  to  the  37-tube,  area- 
ratio-3  3 nozzle  shown  on  figure  17  in  all  respects  other  than  NAR. 

4.2.6  R/37:  37-TUBE.  NAR-3.3  SUPPRESSOR  WITH  CONTOURED  RAMP 

The  R/37  configuration  (fig.  15)  is  a l3.695-in~,  nozzle-area-ratio-3.3,  close-packed 
suppressor  using  37  round  convergent  tubes  of  equal  diameter  and  varying  length,  and 
a contoured  lamp.  The  average  length  of  the  internal  constant  area  portion  of  the  tubes 
is  4.4  in.  The  nozzle  was  used  repeatedly  during  the  investigation  as  a noise  and 
performance  referee. 

4.2.7  37-TUBE.  NAR-3.3,  CLOSE-PACKED  ARRAY  WITH  ELLIPTICAL  RAMP  AND 
R/C  TUBES 

To  establish  the  effect  of  varying  only  tube  shape,  die  R/37  nozzle  was  fitted  with  an  el- 
liptical ramp  to  produce  a 37-tube,  NAR-3.3,  close-packed  array  with  round  convergent 
tubes.  To  provide  a ventilation  parameter  ^ ‘ ' similar  to  the  37-tube,  NAR  -3.3  suppressor 
with  elliptical  convergent  tubes,  Lt/Dcu  = 0-75  was  used.  Variations  in  tube  shape  and 
ramp  shape  for  37-tube,  area-ratio-3.3  nozzles  are  shown  in  figures  I 3 and  19. 

4.2.8  RADIAL  ARRAY  SUPPRESSOR 

The  3 1 -tube  nozzle,  constructed  to  minimize  the  base  ventilation  by  placing  all  tubes  in 
radial  lines,  hi  d an  area  ratio  of  2.75  and  used  elliptical  convergent  tubes  (fig.  20). 
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igure  1 8— Comparison  of  37-Tube  Area  Ratio  3.3  Nozzles 


Figure  19.-37  Tube,  Area- Ratio-3.3,  Close-Packed  Arrays  With  Various  Ramps 
and  Tube  Shapes 
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Figure  2u.  Radial  Array  Nozzles 


29 


4.2  9 SUMMARY  OF  SUPPRESSOR  SPECIFICATIONS 


Number 
of  I ubes 

Area 

Ratio 

1 fleet  ive 
Area 

Ratio  Array  Type 

Ap-in  2 

A^/l-in. 

Type 

of 

Tube* 

C** 

D 

Mean  diam 
to  outside 
of  outer  jet 

1 (R  O 

- 

- 

13.825 

- 

0.980 

4, 1 86  in. 

19-1  uhe 

3.3 

3.1 

Close-Packed 

13.610 

5.979 

EC. 

0 983 

7.262  in. 

37-Tube 

3.3 

3.1 

Close-Packed 

13.543 

6.197 

EC. 

0.968 

7.243  in. 

37-1  ube 

( R/37) 

3.3 

3.1 

Close-Packed 

13.695 

5.269 

R.C. 

0.956 

7 432  in. 

61  -Tube 

3.3 

3.1 

Close-Packed 

13.616 

6.064 

E.C. 

0.969 

7.257  in. 

37-Tube 

2.75 

2.7 

Close- Packed 

13.432 

4.369 

EC. 

0.983 

6.703  in. 

31-1  ube 

1.75 

2.7 

Radial  Array 

13.610 

E.C. 

(M=0.65) 

0.970 

6.703  in. 

Percent  of  total  How  exiting  from  outer  row:  639?,  48%,  and  38%  for  the  19-,  37-,  and  61- 
tube,  close-packed  arrays,  respectively;  38%;  for  the  3 1 -tube  radial  array 

*1'.C.  elliptical  converging  to  round  exit  (M=0.5) 

R C.  round  converging  to  round  exit  (M-0.5) 

**UsingCl)  from  reference  1 

Detailed  dimensions  available  for  all  configurations  on  Boeing  drawing  number  5457-0 
through  -8  and  -10,-1  1 and  -27 


4.3  EJECTORS 


4.3.1  GENERAL 


1 acli  ejector  in  the  present  investigation  has  a constant  internal  area.  Tests  were  made  over 
a range  of  effective  ejector  area  ratios  divided  by  effective  nozzle  area  ratios  from  1.0  to 
1-4  (R“j  R“in  = 1.0  to  1,4).  Ejector  area  ratios  (FAR)  investigated  were  2.6,  3.1 , and  3.7. 
For  most  configurations,  the  tightest  possible  ejector  was  designed  so  that  the  wall  of  the 
ejector  would  coincide  with  the  outermost  boundary  of  the  over-expanded  plume  of  a jet 
issuing  from  the  outer  tube  row  at  the  highest  pressure  ratio  (4.0,  see  fig.  3).  Although  the 
largest  area  ratio  (3.7)  was  considered  too  large  to  be  practical  for  SST  application,  it  was 
used  to  demonstrate  the  effect  of  area  ratio  on  lapse  rate  and  performance. 
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The  ejector  length  is  defined  as  the  distance  from  the  suppressor  exit  plane  to  the  ejector 
exit  (measured  with  setback  = 0).  I Ins  definition  describes  the  distance  in  which  the  mix- 
ing process  occurs.  When  setback  equals  zero,  the  ejector  liilite  is  coplanar  with  the  nuzzle 
exit  plane  flic  ejector  length,  constrained  * y SSI'  installation  requirements,  was  held  at 
Ln/Deq  = 2 ( i.c.,  X-in.  model  scale)  for  most  configurations.  This  constraint  results  in 
ejectoi'length-to-individual-jet-exit  diameter  ratios  of  8.5,  12,  and  15.4  for  the  I9-,  37-, 
and  hi  tube  nozzles,  respectively.  Reference  5 shows  that  the  ejector  length  tojet  diameter 
ratios  ol  the  37-  and  f*  1 -tube  nozzle  are  sufficient  to  produce  complete  mixing  from  a peak 
thrust  standpoint. 


I o establish  the  effect  of  the  SS I length  constraint,  the  requirement  was  relaxed  for  a few 
configurations.  Because  the  required  mixing  length  increases  with  area  ratio,  the  largest 
area  ratio  ejector  (3.7)  was  also  built  with  I, |:/l)t*q  = (>.0  (24-in  length).  This  results  in  an 
ejector  length  to  individual  jet  diameter  ratio  of  36  for  the  37-tube  nozzles. 


As  shown  m figure  21,  the  ejectors  were  designed  with  2 : I elliptical  flight  lips  to  minimize 
inlet  losses  (ejector  thickness  was  maintained  approximately  constant  for  all  ejectors).  Con- 
figuration-oriented inlet  losses  due  to  ejector  mounting  struts  were  avoided  by  mounting 
the  ejectors  independently  (but  on  the  same  balance)  on  a separate  strut  as  shown  in  figure 
22.  l-jector  area  ratios  were  chosen  so  that  suppressor  and  ejector  area  ratios  could  be  varied 
while  the  radial  distance  between  the  outer  jets  and  ejector  wall  was  held  constant.  This 
condition  prevails  when  the  FAR  2.6  ejector  on  a 2.75-area-ratio  nozzle  is  compared  with 
an  I AR  3 I ejector  on  a 3.3-nozzle-area-ratio  suppressor. 


All  ejectors  were  instrumented  with  static  pressure  taps.  Those  on  the  lips  of  the  ejectors 
were  area-weighted  and  in  line  with  and  between  representative  jets.  Taps  on  internal  con- 
tours were  also  in  line  with  and  between  representative  jets.  The  external  contour  was 
instrumented  with  area-weighted  taps. 


■vj * 


Figure  21— Area  Ratio  2.6  and  3. 1 Flight  Lip  Ejectors 
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Figure  22-View  of  Ejector  Inlet:  19-Tube,  NAR-3.3,  Close  Packed  Array  With 
Elliptical  Ramp;  EAR  3. 1 Ejector,  Zero  Setback 


4.3.2  SUMMARY  OF  EJECTOR  SPECIFICATIONS  (Sec  figs.  21 . 23  and  24) 
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Figure  23.— Ejector  Dimension  Definition  Sketch 


5.0  EXPERIMENTAL  PERFORMANCE  RESULTS 


5.1  INTRODUCTION 

Ciioss  th' list  coeflieient  as  a Innetion  of  pressure  ratio  and  velocity  ;ire  summarized  in  this 
chapter  lor  each  ot  the  suppressor/ejector  configurations  investigated.  Carpet  plots  are  used 
to  allow  determination  ot  performance  at  intermediate  pressure  ratio  and/or  velocity  points. 

Although  the  values  of  C|p  change  with  configuration,  the  general  shape  of  all  bare  suppressor 
performance  curves  is  that  shown  on  figure  25. 


Figure  25  — General  Form  of  Performance  Carpet  Plots  for  Bare  Suppressors 


1 y pica  I trends  for  nuiltituhe  hare  nozzles  are: 


Maximum  static  performance  occurs  between  pressure  ratio  2.5  and  3.0. 

Lapse  rate,  lAC#  If"  AVoo,  decreases  as  pressure  ratio  increases, 

g 

f Inis,  peak  performance  decreases  and  shifts  to  a higher  pressure  ratio  as  velocity  increases 
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The  general  shape  ol'  the  suppressor/ejector  performance  curves  is  shown  in  figure  26. 


Figure  26-General  Form  of  Carpet  Plots  for  Suppressor  /Ejector  Performance 


Typical  trends  for  suppressor/ejector  nozzles  are: 

• Over  the  range  of  pressure  ratios  investigated  (2-4),  the  maximum  static  performance 
occurs  at  or  near  pressure  ratio  = 2. 

• The  lapse  rate,  while  still  decreasing  with  increasing  pressure  ratio,  is  much  larger  (steeper) 
for  ejectors  than  for  similar  bare  suppressor  cases. 

• Thus,  relative  to  a bare  suppressor,  as  the  velocity  increases,  the  rate  of  performance 
decrease  is  greater  and  the  pressure  ratio  at  which  the  peak  performance  occurs  moves 
to  a higher  value  for  the  ejector  case. 

5.2  LIST  OF  PERFORMANCE  CURVES 

The  following  list  indexes  the  summary  performance  (gross  thrust  coefficient)  plots  versus 
pressure  ratio  and  velocity.  Unless  otherwise  indicated,  the  configurations  incorporate 
Lp/’T’eq  = 0.5,  Lj./De  = 2.0,  elliptical  ramps,  elliptical  convergent  tubes,  and  ambient  jet 
temperature  (figs.  27  through  60). 
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C onliguration  Versus  f igure  Number 


Configuration  Figure 


N limber 


No,  of 
tubes 

NAR 

FAR 

SB/D 

eq 

Array 

1 

- 

- 

- 

Re  I ere 

ice  no/./.le 

27 

|9 

3.3 

none 

- 

Cl*. 

28 

l() 

3.3 

3.1 

0.25 

CM*. 

26 

10 

3.3 

3.7 

0 

C.l\ 

30 

10 

3.3 

3.7 

0.25 

C.l*. 

31 

37 

2.75 

2.6 

0.25 

(I*. 

32 

37 

2.7C 

3.1 

0 

(.1*. 

33 

37 

2.75 

3.1 

0.25 

CM*. 

34 

37 

2.75 

3.7 

0 

C.l*. 

35 

37 

2.75 

3.7 

0.25 

C.l*. 

36 

37 

2.75 

3.7 

0 

C.l*. 

1-1  = 6-0 

37 

37 

3.3 

none 

- 

C.l*. 

38 

37 

3.3 

3.1 

0 

C.l*, 

39 

37 

3.3 

3.1 

0.25 

C.l*. 

40 

37 

3.3 

3.7 

0 

C.l*. 

41 

37 

3.3 

3.1 

0 

C.l*. 

Lt/D  = 0.75 

42 

37 

3.3 

3.1 

0.125 

CP. 

Lt/D  =0.75 

43 

37 

3.3 

3.1 

0.25 

C.l*. 

LT/I)e(|  = 0.75 

44 

37 

3.3 

none 

- 

C.l*. 

Circular  are  ramp 

45 

37 

3.3 

3.1 

0.25 

C.l*. 

Circular  are  ramp 

46 

37 

3.3 

none 

- 

C.l*. 

Lj/Deq  = 0.75,  round  com.  tubes 

47 

37 

3.3 

3.1 

0.25 

C.l*. 

L.q  /Deq  = 0,75,  round  conv  tubes 

48 

37 

3.3 

3.1 

0 

C.l*. 

Contoured  ramp 

49 

37 

3.3 

3.7 

0 

C.l* 

Contoured  ramp 

50 

61 

3.3 

none 

- 

( .1*. 

51 

61 

3.3 

3.1 

0 

CM*. 

52 

61 

3.3 

3.1 

0.25 

C.l*. 

53 

31 

2.75 

none 

- 

Radial 

54 

31 

2.75 

2.6 

0 

Radial 

55 

31 

2.75 

2.6 

0.25 

Radial 

56 

31 

2.75 

3.1 

0 

Radial 

57 

31 

2.75 

3.1 

0.25 

Radial 

58 

31 

2.75 

3.7 

0 

Radial 

59 

31 

2.75 

3.1 

0 

Rad  tal 

LT/l>eq  - 0.75 

60 

37 


Figure  29-Gross  Thrust  Coefficient  for  19-Tube,  NAR-3.3,  Close-Packed  Array 
With  EAR  - 3.1  Ejector  (Setback  0.25) 
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Figure  32 -Gross  Thrust  Coefficient  for  37-Tube,  NAR  = 2.75,  Close-Packed  Array 
With  EAR  - 2.6  Ejector  (Setback  0.25) 
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Elliptical  con  very  ii\t  tube* 
EAR ■ 31 


Gross  Thrust  Coefficient  for  37  Tube,  NAR  = 2.75,  Close  Packed  Array 
With  EAR  = 3.1  Ejector  (Setback  0.25) 
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Gross  Thrust  Coefficient  for  37-Tube,  NAR  = 2.75,  Close  Packed  Array 
With  EAR  =-3.7  Elector  (Setback  0.25) 
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Elliptical  ramp 
Elliptical  convcigent  tubus 
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Zero  setback 


Figure  37—  Gross  Thrust  Coefficient  for  37-Tube,  NAR  -2.75,  Close  Packed  Array 
With  EAR  -3.7  Ejector  (Length  L^/Deq  = 6.0) 


Note:  Severe  elector  vibrations 
prevented  acquisition  of 
data  at  higher  pressure 
ratios  where  indicated  ’ 
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Figure  39,-Gross  Thrust  Coefficient  for  37-Tube,  NAR  = 3.3,  Close-Packed 
Array  With  EA  R = 3.1  Ejector 
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Elliptical  convergent  tubes 
EAR  = 3.1 

LE/Dcq  = 20 
SB/D  = 0.25 


Figure  40 -Gross  Thrust  Coefficient  for  37-Tube,  NAR  = 3.3,  Close-Packed  Array 
With  EAR  - 3.1  Ejector  (Setback  0.25) 


Figure  41.— Gross  Thrust  Coefficient  for  37-Tube , NAR  - 3.3,  Close-Packed  Array 
With  EAR  = 3.7  Ejector 
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Figure  42,-Gross  Thrust  Coefficient  for  37-Tube,  NAR  - 3.3,  Close-Packed  Arrav 
( L jF^en  ~ 0.75)  With  EAR  =3.1  Ejector 
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hgure  44,— Gross  Thrust  Coefficient  for  37  Tube,  NAR  = 3.3,  Close-Packed  Array 
(Lj/Den  ~ 0.75)  With  EAR  ~ 3.1  Ejector  (Setback  0.250) 


Ty  ambient 
Lt  Ooq  * C & 

Circular  arc  ramp 
Elliptical  convergent  tube* 


Figure  45.— Gross  Thrust  Coefficient  for  37-Tube,  NAR 
Circular  Arc  Ramp  Without  Ejector 


3.3,  Close-Packed  Array, 
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• Severe  ejector  vibration 
prevented  the  acquisition 
of  data  at  higher  pressure 


Gross  Thrust  Coefficient  for  37  Tube,  NAR  3.3,  Close-Packed  Array, 
Circular  Arc  Ramp  With  EAR  = 3.1  Ejector  (Setback  0.25) 


ambient 


Elliptical  ramp 
Round  convergent  tubes 


Figure  47.— Gross  Thrust  Coefficient  for  37  Tube,  NAR  = 3.3,  Close-Packed  Array 
With  Lj/Dea  = 0.75  Round  Convergent  Tubes  Without  Ejector 
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Figure  48  —Gross  Thrust  Coefficient  for  37  Tube,  NAR  = 3.3,  Close-Packed  Array 
V\hth  L j/Deq  - 0.75,  Round  Convergent  Tubes  With  EAR  = 3.1 
Ejector  (Zero  and  0.25  Setback } 
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Figure  49-Gross  Thrust  Coefficient  for  37 - Tube,  NAR  ~ 3.3,  Close  Packed 
Array:  Round  Convergent  Tubes,  Contoured  Ramp  With  EAR 
3. 1 E/ector 


Note  Severe  ejector  vibration 
pi  evented  acquisition  of 
data  at  higher  pressure 
ratios  where  indicated  * 
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■Gross  Thrust  Coefficient  for 61 -Tube,  NAR  = 3.3,  Close-Packed 
Array  With  EA  R ~ 3. 1 Ejector 


2( 


Figure  54,-Gross  Thrust  Coefficient  for  31  Tube,  NAR  ~ 2.75  Radial  Arrav 
Without  Ejector 
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Figure  60— Gross  Thrust  Coefficient  for  31- lube,  NAh  = 2./b  Medial  Array 
(L  WDea  = 0. 75)  With  EAR  =3.1  Ejector 


6.0  ANALYSIS 


6.1  INTRODUCTION 

llus  section  analyzes  the  experimental  results  (sec.  5)  anil  establishes  trends  by  comparing 
performance  and  surface  forces  lor  the  various  parameters  investigated. 

I lie  dependence  ot  forward  velocity  effects  on  pressure  ratio  is  discussed  first.  The  section 
includes  hare-nozzle  and  suppressor/ejector  descriptions  of  the  effects  of  pressure  ratio  and 
velocity  on  suppressors  with  and  without  ejectors.  The  “cross-over”  velocity  (maximum 
velocity  at  which  an  ejector  is  beneficial  to  performance)  is  considered  as  well  as  the 
behavior  of  restricted  ejector  inlets. 


liie  pressure  ratio  is  then  lixecl:  and  variations  in  performance  with  velocity,  due  only  to 
changes  in  geometry,  are  considered.  An  example  suppressor  with  various  ejectors  is  con- 
sidered in  detail.  1 hen  the  general  suppressor  geometry  effects  are  discussed,  following 
which  there  is  a discussion  of  the  ejector  including  the  description  of  qualitative  inlet  flow 
model  and  performance  effects  due  to  ejector  geometry.  Finally,  a brief  discussion  of  the 
ejects  ul  temperature  on  the  surface  forces  is  presented. 


6.2  1 III:  PRESSURE  RATIO  DEPENDENCE  OF  FORWARD  VELOCITY  EFFECTS 
6.2.1  HARE  SUPPRESSOR  PERFORMANCE 


At  any  fixed  velocity,  alterbody  drag  always  becomes  a decreasing  percentage  of  ideal 
primary  thrust  as  pressure  ratio  increases.  The  decrease  is  not  usually  linear.  Reference  2 
shows  details  of  these  effects  statically. 


I or  a lixed  pressure  ratio,  the  base  drag  linearly  increases  with  velocity. 

I or  a lixed  pressure  ratio,  the  ramp  drag  increases  in  proportion  to  velocity  squared.  Thus,  for 
a fixed  pressure  ratio,  the  afterbody  drag  (the  sum  of  the  base  and  ramp  drags)  has  a slightly 
non-hnear  increase  with  velocity.  The  static  performance  of  multitube  nozzle  without  ejectors 
has  been  shown  to  be  optimum  at  pressure  ratios  between  2 and  3 (ref.  1).  The  combination  of 
the  above  effects  results  in  a typical  behavior  of  bare  multitube  nozzles  as  shown  in  figure  61 

6.2.2  SUPPRESSOR/EJECTOR  PERFORMANCE 
6.2.2. 1 Preamble 

I he  additional  of  an  ejector  to  an  exhaust  system  subjected  to  forward  velocity  creates  these 
additional  concerns: 

• 1 jector  lip  suction 

• Increased  suppressor  afterbody  drag 

• Ejector  pressure  drag  (constant  area) 

• Skin  friction  losses 

• Ram  drag  penalty 
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6. 2. 2. 2  Ejector  Lip  Suction 


As  the  suppressor  jets  mix  with  surrounding  air.  How  is  entrained  by  the  jets.  Ambient  air 
moves  into  the  regions  ol'  pressure  depression  created  by  the  entrained  air.  When  an  ejector 
is  installed,  this  replacement  air  must  (low  into  the  ejector  through  the  complex  inlet  pro- 
vided between  the  outer  row  suppressor  tubes,  A^,  and  through  the  annular  opening  be- 
tween the  outer  tube  row  and  the  ejector  lip,  A^,  (see  fig.  62).  This  inlet  How  affects 
ejector  lip  suction  and  suppressor  afterbody  drag.  The  lip  suction,  a result  of  the  pressure 
reduction  caused  by  the  high  velocity  flow  entering  the  inlet,  becomes  a decreasing  per- 
centage of  ideal  primary  thrust  as  pressure  ratio  increases  (i.e.,  the  lip  force  increases  by  a 
smaller  amount  than  the  ideal  thrust). 

6. 2.2.3  Suppressor  Afterbody  Drag 

( ountering  the  performance  benefit  of  the  lip  suction  is  the  increased  level  of  afterbody 
drag  resulting  from  the  presence  of  an  ejector.  At  any  fixed  velocity  the  afterbody  drag 
becomes  a decreasing  percentage  of  the  ideal  primary  thrust  as  pressure  ratio  increases. 

I he  result  is  the  same  as  for  the  suppressor  without  ejector,  except  the  absolute  levels  are 
higher.  At  any  fixed  pressure  ratio  both  the  afterbody  drag  and  lip  suction  become  de- 
creasing percentages  of  the  ideal  primary  thrust  as  velocity  increases.  (These  subjects  are 
treated  in  detail  later.) 

6. 2. 2. 4 Ejector  Drag 

The  present  investigation  considers  only  constant  area  mixers;  thus,  the  only  ejector  pres- 
sure drag  to  consider  is  the  ejector  boattail  drag,  which  is  independent  of  pressure  ratio. 

The  dependence  of  ejector  pressure  drag  on  velocity  is  covered  in  section  6.3.7. 1 . 

6. 2. 2. 5 Ram  Drag  Penalty 

At  a fixed  velocity  the  amount  of  secondary  air  increases  as  pressure  ratio  increases  (un- 
less the  inlet  How  is  choked).  Therefore,  by  definition,  the  amount  of  ram  drag  increases 
with  increasing  pressure  ratio.  Though  it  is  a real  component  in  the  momentum  equation, 
the  ram  drag  physically  manifests  itself  as  a change  in  lip  suction.  The  effect  of  pressure 
ratio  on  ram  drag  is  a secondary  concern  compared  to  the  velocity  effects  on  lip  suction 
due  to  ram  drag. 

6. 2. 2. 6 Resulting  Performance 

I he  net  result  of  the  above  parameters  is  a pressure  ratio  dependence  of  overall  performance 
which  is  similar  to  that  of  the  bare  suppressor  case  but  with  steeper  lapse  rates.  Figure  41 
shows  the  performance  of  the  suppressor  (shown  bare  in  lig  38)  with  an  area  ratio  FAR  3.1 
ejector  installed.  The  skin  friction,  ram  drag,  afterbody  drag,  and  ejector  pressure  drag  all 
increase  with  velocity  and  thus  increase  the  lapse  rate  for  the  ejector  configuration.  Since 
increasing  procure  ratio  decreases  both  afterbody  drag  and  lip  suction  with  velocity  (either 
one  of  which  can  be  dominant),  the  lapse  rate  dependence  on  pressure  ratio  for  these  com- 
ponents i an  go  cither  way.  At  a fixed  velocity  both  the  lip  suction  and  base  drag  become 
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ikir  using  |,orivm;igcs  ol  the  ideal  thrust  as  the  pressure  ratio  Increases.  The  lip  suction 
■'  "ro'v”  ^pemlcna-  on  pressure  ratio  than  does  the  base  drag.  Thus  over  tne  ranee 
ol  press, ,re  ratios  investigate,!  ,2-1).  the  static  gross  thrust  coefficient  for  suppressor/ 
ejee  trim//  cs  is  always  at  or  near  the  maximum  value  at  pressure  ratio  2.O.*  (See  rcl'  2 I 
' suction  decreases  with  forward  velocity  due  to  the  ran,  drag  penally.  The  net  re 
‘ |,Crl°raUn“  velocity  and  an  upward  shift  in  the  pres- 

I , e IK'rl0""aniC  °Cairs-  Tl,cse  I’erlor, nance  effeets  are  readily 

' “r; | “ ' S,  mim'ry  1,10,5  ol  V™  eoeffieiem  versus  velocity  and  pressure 

ratio  shown  in  section  5, 
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(>.2.2.7  Crossover  Velocity 

r™  YL'T  IOr  thc  cjcct°r  and  barc  oppressor  configurations  is 

■il'ovc  which  tin.  ’i  ' ,F  “i  lplWC  ShOWS  tlK‘  porf(,rm;ince  crossowr  velocity  (i.e.,  the  velocity 
!’  U Wh,U  tlK  LJ(;  bocomes  a pcrlormance  handicap)  at  each  pressure  ratio  The 

St rwhu  ■ Th  y.  M1  SM  Sl,ghtly  With  mcreas,ng  Pressurc  r;iti0  ™d  approaches  a con- 

restricted  ’ Cl’  ^ :'!l  co,1,,8Uralions  investigated  where  the  inlet  was  not 

6.2. 2. S Behavior  of  Restricted  Inlet 

" .";C  7°TOVCr  VOlOCi,y  is  Strong|y  indent  on  pressure  ratio,  it  is  due  to  a restricted 
!nk;1-  1,1  «>«*•  « the  pressure  ratio  increases,  the  ejector  demands  more  aS can 

K brought  through  the  inlet.  At  low  pressure  ratios  this  is  manifested  as  increasing  inlet 
losses,  resulting  ,n  a crossover  at  a lower  velocity  as  pressure  ratio  increases.  As  t^p^ 
sure  ratio  continues  to  increase,  the  demand  for  secondary  air  increases  until  supersonic 
How  occurs  at  the  ejector  throat ( monitored  on  static  wall  taps).  This  situation  arises  on 

in  se  tion  S >°r  AWf  i 10"1  S"  ICIClU  sclback  (sucl‘  as  ,lie  configuration  in  figures  39  and  42 
section  5 ).  As  the  pressure  ratio  producing  the  inlet  choking  is  approached,  a steeper 

decrease  m performance  ustial.y  occurs.  The  experimental  technique  of  mounting  tile 
L U °r  !'°,.1;ir;itC  ,rom  lllc  sllPPressor  provided  insight  into  another  characteristic  of  the 
C cctoi  behavior  as  inlet  choking  occurs.  When  the  pressure  ratio  is  sufficient  to  produce 
static  Pressures  at  the  ejector  throat  indicating  supersonic  flow,  the  ejector  begins  to  vi- 

pe r Jo r m n k!  ^ ^ "°W  bt>  shut  down’  Tbe  vibration  and  additional 

' ' at:,im,l;’U  l°  **>*™»™\  flow  separations.  (The  vibration  is  low 

pus  line  on  th  i r m Pr0<  L>XC,irSi°,1S  grcalcr  tllan  can  ^ produced  by  manually 
pusning  on  the  side  ol  the  ejector.) 

area  oH  he'd  ^ "‘n  ' ''"re phonomc,U,n  ocai,s  is  dependent  upon  the  effective  inlet 
area  the  ejector,  f he  effective  inlet  area  is  not  presently  a quantitative  item;  rather  oilc- 
an only  observe  its  effects  by  looking  at  curves  presented  in  section  5 and  noting  the  con- 
^nations  wlieie  data  could  not  he  acquired  over  the  entire  pressure  ratio  range. 


) 


* I lie  actual  peak  static  ( fg  occurs  at  a jm-ssurc  lalm  < 2 0 for  niosl  configurations. 
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As  the  I AR  NAR  and  setback  increase,  the  occurrence  of  inlet  choking  moves  to  higher 
pressure  ratios.  1 he  el  feet  ot  inlet  area  on  the  pressure  ratio  at  which  supersonic  flow 
occurs  at  the  ejector  throat  is  shown  on  figure  64.  The  only  difference  in  configurations 
is  that  the  upper  carpet  has  507,  longer  tubes.  In  both  configurations,  the  ejector  hilite  is 
co planar  with  the  tube  exit  plane,  The  major  effect  on  the  additional  tube  lengths  is  the 
disp.aceinent  ol  the  entire  carpet  to  a higher  performance.  The  lapse  rates  are  nearly  the 
same  and  the  onset  of  ejector  vibration  occurs  at  only  a slightly  higher  pressure  ratio.  This 
behavior  suggests  that  the  amounts  of  secondary  airflow  going  between  the  tubes  is  a small 
percentage  ot  the  total  secondary  mass  flow  (i.e.,  most  of  the  air  enters  the  ejector  in  the 
annulus,  AA,  between  the  outer  tubes  and  the  ejector  lip).  The  shift  to  higher  perform- 
ance is  primarily  due  to  a large  decrease  in  base  drag  provided  by  the  small  increase  in  ven- 
tilating How  going  between  the  tubes  and  the  increased  static  pressure  gradient  between 
the  lip  and  baseplate. 

Reference  2 shows  the  statie  lip  suction  for  these  two  cases  to  be  the  same  at  pressure 
ratio  2.8,  for  example,  while  the  afterbody  drag/I- 1!)  is  9%  less  for  the  longer  tubes.  Now 
consider  the  same  ejector  and  suppressor  except  with  the  short  (Ly/D  = 0.5)  tubes  and 
a setback  (l  j L)C(J  = 0.25  ),  1 1ms,  the  total  axial  distance  from  the  baseplate  to  the  ejec- 
tor hilite  is  the  same  as  that  for  the  long  tube  case  just  considered,  but  the  annulus  area  A* 
tas  been  substantially  increased.  The  carpet  for  this  configuration  is  shown  in  figure  65 
(along  with  a repeat  of  the  carpet  for  the  same  tube  length  but  zero  setback  from  figure 
64).  The  Performance  ol  this  configuration  at  pressure  ratio  2 is  between  that  of  the  other 
configurations  considered  above.  As  pressure  ratio  increases  (requiring  more  secondary 
air),  the  configuration  with  short  tubes  and  setback  not  only  out-performs  the  other  two, 

but  it  continues  to  operate  statically  at  a pressure  ratio  up  to  3.5  while  the  others  begin  to 
vibrate  at  2.8. 


I hue  are  several  reasons  for  this  behavior.  The  afterbody  drag  for  the  short  tube  config- 
uration with  setback  is  only  0.57  greater, than  for  the  long  tubes  without  setback  (com- 
pared to  the  97  penalty  of  the  short  tubes  without  setback).  The  larger  annular  opening 
on  the  setback  ease  allows  the  secondary  air  to  enter  the  ejector  at  a lower  velocity  than 
it  did  tor  zero  setback.  The  reduced  velocity  decreases  the  lip  suction  and  this,  combined 
with  the  afterbody  drag  relationship,  results  in  the  overall  performance  difference  between 
the  two  no-setback  cases  at  low  pressure  ratio.  As  the  pressure  ratio  increases,  the  restricted 
inlets  cannot  pass  any  more  air,  while  the  setback  case  benefits  from:  ( 1 ) a nearly  constant 
lip  suction  ill)  until  pressure  ratio  = 3.0  and  (2)  a continued  increase  in  secondary  air- 
flow until  pressure  ratio  = 3.5. 

Setback  provides  a mechanism  for  obtaining  the  appropriate  inlet  area  necessary  to  opti- 
mize the  performance  at  any  given  pressure  ratio.  The  amount  of  setback  required  for 
peak  performance  increases  as  pressure  ratio  increases  because  of  the  increased  demand 
I :>r  secondary  air  At  a fixed  pressure  ratio  there  is  an  optimum  setback  for  each  suppres- 
sor ejector  combination.  If  tin  setback  is  too  small,  supersonic  flow  can  occur.  For  small 
increases  in  setback,  the  lip  velocity  (hence  lip  suction)  decreases  but  the  base  drag  benefit 
increases  substantially.  The  ketches  in  figure  66  show  typical  performance. 
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Figure  65 -Performance  Carpets  for  Different  Setbacks  of  the  EARS.  1 Ejector 

on  a 37-Tube,  NARS.3,  Close-Packed  Array  With  Tube  Lenath 
Equal  0.5  Don  * 
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Figure  66.-Schematic  of  Performance  Versus  Setback 


Reicreiioe  2 covers  the  tletails  ol  the  re<,,,ir«|  setback  statically.  Forward  velocity  requires 

Ian  e?!!*  ,T  ‘fj  !'XWl  PreSS“rc  ***> '«  1’™"'“  VO*  performance  ami  minim,,,,,  ' 
lapse  rale,  (bee  see.  6.3.) 


The  occurrence  of  the  ejector  vibration  moves  to  slightly  higher  pressure  ratios  as  velocity 
increases  lor  a fixed  geometry  because  of  the  inlet  ram  effects.*  If  static  tests  do  not  mon- 

™ STani  °T  at  tl,C  CieCt0r  thr0at  °VCr  the  desircd  pressure  rati0  ra"Be,  one  can  be 
con  , dud  that  the  low-speed  performance  will  not  be  affected  by  this  problem.  Some 

available  information  suggests  that  a vibrating  ejector  stabilizes  and  the  rate  of  performance 


F>t  frm,rc;ui  'greases  relative  to  I’ J(>  as  velocity  increases  and  the  pressure  ratio  is  held  constant 
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lecrcases  il  the  system  is  driven  to  even  higher  pressure  ratios.  This  situation  is  shown 
m figure  55  where  the  statie  run  could  he  pushed  on  to  stable  performance  at  pressure  ratio 
4 while  the  vibration  first  occurred  at  pressure  2.6.  (Concern  for  the  turboprop  at  the  exit 

ol  '',c’  111  ''lc  c* \'c* 1 1 1 ol  hardware  failure  precluded  such  attempts  during  wind  tunnel 

testing  I 


Within  the  present  context,  presumed  inlet  choking  associated  with  the  ejector  vibration 
means  onl>  that  supersonic  flow  was  monitored  by  wall  static  pressure  taps  at  the  ejector 
throat.  I he  ejector  instrumentation  included  pressure  taps  in  line  with  as  well  as  in  between 
outer  row  jets.  I he  supersonic  flow  is  noted  at  the  tangent  point  between  the  lip  and  con- 
stant area  portion  of  the  ejector  and  occurs  around  the  entire  circumference  ol  the  elector 
(not  just  in  line  with  the  jets) 

6 4 F ORWARD  VELOCITY  EFFECTS  (CONSTANT  PRESSURE  RATIO) 

6.4  I INTRODUCTION 


Seition  6.4  discusses  the  effects  of  velocity  on  performance  as  the  geometric  parameters 
are  varied  while  maintaining  a constant  pressure  ratio  of  three.  The  trends  apply  to  other 
pressure  ratios  as  well  and  <|iiantitative  values  at  pressure  ratios  from  2 to  4 can  be  obtained 
from  the  performance  curves  presented  m section  5. 

6.4.2  IDEAL  THRUST 


Increasing  wind  tunnel  velocity,  produced  by  a turboprop  at  the  tunnel  exit,  is  accompanied 
by  a decrease  in  freest  ream  static  pressure  1’^,  while  the  freest  ream  total  pressure,  Py^, 
remains  constant  (neglecting  tunnel  inlet  losses).  Actual  torward  velocity  produces  a con- 
stant freest  ream  static  pressure  while  the  freestream  total  pressure  increases.  In  the  wind 
tunnel,  if  nozzle  pressure  ratio  (l,T,»/l>oc)  is  held  constant,  the  ideal  thrust  decreases  with  in- 
creasing velocity  It  I | p I’  [ ^ is  held  constant  in  the  tunnel,  the  ideal  thrust  increases  with 
velocity  for  convenience  and  consistency  in  data  presentation,  nozzle  pressure  ratio  is  held 
constant  throughout  the  present  investigation. 


In  airplane  evaluation  it  is  necessary  to  account  lor  the  changes  in  pressure  ratio  with  veloc- 
ity due  to  the  ram  effect  and  engine  power  settings.  The  performance  lor  any  required  com- 
bination ol  pressure  ratios  and  velocity  can  be  constructed  using  the  carpet  plots  presented 
m section  5. 

6.4.4  DISCHARGE  COEFFICIENT 

Discharge  coellicient  is  defined  as  the  measured  primary  How  rate  divided  by  the  ideal 
weight  How  rate  ol  a jet  expanded  to  ambient  conditions.  Below  nozzle  choke  pressure 
ratio,  the  ideal  weight  flow  is  a function  of  pressure  ratio,  while  above  the  choke  pressure 
ratio,  the  ideal  weight  How  is  a function  only  of  the  stagnation  conditions.  The  presence 
ol  an  ejector  reduces  the  actual  static  pressure  to  which  the  primary  nozzle  expands.  Thus, 
below  primary  choke  the  discharge  coefficient  is  affected  by  the  presence  ol  the  ejector. 
Above  choke  the  discharge  coefficient  should  not  be  affected  by  the  ejector  presence. 


I 
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Ml  experimental  data  acquired  during  the  present  investigations  were  above  pressure  ratio 
2 0 I or  all  these  configurations  the  discharge  coefficient  was  completely  independent 
ol  all  ejector  parameters  ( + 0,25'?).  The  discharge  coefficient  was  also  independent  of  for- 
ward velocity  Reference  I presents  the  C|)  values  for  the  various  suppressors.  The  calcu- 
lated primary  nozzle  exit  area  increase,  assuming  a linear  nozzle  perimeter  growth  with 
increased  jet  temperature,  resulted  in  discharge  coefficients  that  were  independent  of  jet 
temperature. 

6.3.4  HARK  SUPPRESSOR  PERFORMANCE 

I he  low-speed  performances  of  various  suppressors  are  shown  in  figure  67. 

The  following  trends  occur 

• for  a constant  nozzle  area  ratio  the  lapse  rate  is  nearly  constant.  Comparison  of  the 
I1)-,  37-,  and  6l-tuhe,  NAR-3.3  suppressors  with  elliptical  ramps  and  elliptical  conver- 
gent tubes  shows  a 2.8 % variation  in  the  static  performance  due  to  a combination  of 
increasing  internal  losses  and  increased  base  drag  resulting  from  the  ventilation  as  the 
number  of  tubes  increases.  Because  of  the  lapse  rate  to  I 67  kn,  a reduction  in  Cj'^  of 
3 4'?,  4 8% , and  4.9'?  occurs  for  the  1 9-,  37-,  and  61-tube  configurations,  respectively. 

I lie  19-tube  nozzle  benefits  from  significantly  better  ventilation  paths  than  the  other 
nozzles. 

• flic  base  drag  increases  linearly  with  velocity  as  shown  on  figure  68  Though  the 
static  level  of  base  drag  is  strongly  dependent  on  ventilation,  the  rate  of  change  of 
drag  with  velocity  shows  only  a second  order  influence  of  ventilation  (i.e.,  the  static 
base  dray,  of  the  61  -tube  suppressor  is  2.8%  greater  than  that  of  the  19-tube  nozzle, 
yet  the  increase  in  the  difference  in  drags  at  167  kn  for  the  two  configurations  is  only 
0.75%  ).  l or  all  three  configurations  the  ramp  drag  was  less  than  2%  of  the  ideal  thrust 
at  167  kn  and  the  variation  in  ramp  drag  was  at  most  0.3%  (greatest  ramp  drag  being 
on  the  61-tube  nozzle).  The  ramp  drag  increases  behaved  in  proportion  to  the  square 
ol  the  velocity.  It  is  this  ramp  drag  which  produces  the  slight  nonlinearity  in  the  per- 
formance lapse  rates  shown  on  figure  67. 

1 igure  67  also  shows  the  effects  of  these  parameters  on  lapse  rate.  The  31 -tube,  NAR-2.75 
radial  array  demonstrates  the  smallest  lapse  rate  of  the  multitube  nozzles  investigated.  Its 
shallow  lapse  rate  is  due  to  its  lower  nozzle  area  ratio  and  good  base  ventilation.  At  I 67  kn 
the  ramp  drag  for  the  configuration  was  2%  of  the  ideal  thrust  (which  is  nominally  the  same 
value  as  for  NAR  3 3 suppressors  with  elliptical  ramps).  The  base  drag/FID  was  only  1.4% 
at  167  kn  for  the  31 -tube  radial  array  compared  to  5.5%  lor  the  37-tube,  NAR-3.3,  close- 
packed  array.  At  1150  1 the  value  of  ramp  and  base  cliag  decreased  slightly  (1.9%  and  1.4% 
of  ideal  thrust,  respectively,  for  the  3 1 -tube  nozzle  at  167  kn).  I'igure  67  also  demonstrates 
that,  for  suppressors  with  constant  nozzle  area  ratio  and  ventilation,  the  lapse  rate  is  nearly 
independent  of  ramp  shape  and  tube  shape. 
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Figure  68.- 


-Effect  of  Velocity  on  Bgsc  Drag  g$  g Percentgge  Qf  jdegj  Th  fQr  NAR  _ , 
Suppressor  With  Various  Numbers  of  Tubes  (No  Ejectors) 
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I w»r VM'm^r  ^interactions  a,e  first  examined  using  various  ejeeiors  on  . .rartieular 

V I rissor  l-lulre.  NAR-2.75  radial  suppressor  was  tilted  will,  various  ejectors  of 

|'r'!7  " /!>«.  * -’«■  ■*«.„  »«»  ru.lt>,  (liAR)  sw, the  mtZSXZ 

A ; -"t  7 uZ! 'K.mTmK'  M ”'arly  tapiltltr  on  the  ejector,  up  to 

AK  .■  .7  tin  limit  of  sufficient  ejector  length  for  mixing. 

!,!d.rim,y,C|l°rm;UICe  COmpo,,cn,s  arc  discusse‘l  scPan,tely  below,  The  principal  trends 
‘ , ' , <I.  S°  :ipply  ,n  a,f  oll,er  L'° 11  figurations  investigated,  though  levels  of  perform- 

ance wilt  vary  from  one  suppressor  to  another. 

6.3.5. 1 Base  Drag 

I fie  drag  on  t he  flat  baseplate  increases  linearly  with  velocity  for  configurations  tested  The 
3 - ube  iu,ZZ.e  hasgood  ventilation  and  a small  nozzle  area  ratio  resulting  in  re.aDvd  snlaff 
a ues  of  base  drag.  I ignre  69  shows  the  base  drag  of  this  nozzle  as  a function  of  velocity 

dVie  uTi’r  tJeC,°r  ;UCi!  nit,°S'  1 lK‘  ,rCndS  shown  llis')|:,y  lhc  fundamental  reaction  of  base 
d ag  fo  the  presence  of  an  ejector  with  forward  velocity.  The  dominant  effect  of  the  ejec- 

vehich v',Sl>  * 'S  ‘°  ' ,hC  k VCl  a,Kl  n°‘  tlK‘  rate  of  °f  hase  drag  with  frecstream 


ic  pi  ess  lire  near  the  outside  of  the  baseplate  produced  by  the  velocity  of  the  air  entering 

the  Ins  dra^wTI  .T  ■ m “,C  baS,‘  prcssurc  an‘l-  hcncc’  drag.  Figure  69  shows  that 
. U to  ,C  CJC;'  °r  tl,c  most  1 L>s,ricled  inlet  is  nearly  five  times  as  great  as 

Hal  u h the  no-ejector,  Using  setback  to  increase  the  annular  inlet  to  the  ejector  and 
lower  the  velocity  of  the  inlet  a.r  results  in  a substantial  reduction  in  base  drag. 

As  forward  velocity  increases,  the  momentum  oi  the  secondary  air  resists  turning  to  enter 
e recirculation  region  between  the  tubes  near  the  baseplate.  The  related  reduction  in 

vtiuu'v  °Tl!  .'f  ",,lll'ry  llk'  R'circul'"io"  a'fio"  ™'lts  a"  increase  drug  will, 

, , . ' V aS  mama  "K'3'  ly  Wi"'  vclocily  a"1'.  <»»  n«  order,  the  rule  of 

, ,7  independent  ol  the  cj color  urea  rail,,  ami  nclhack.  A second  order  el'lecl  causes 

inc'rcu'cs  Clli,"8CS  in  <*-»*  "*"•  'olocity  ns  ejector  area  ratio 

Snmmai  i/ing,  base  drag  lias  the  following  characteristics: 

h is  primarily  dependent  on  the  suppressor  ventilation  and  effective  ejector  inlet  area 
which  causes  large  changes  in  the  level  of  performance. 

• Increases  linearly  with  velocity. 

* °t  CT in  *T  Wi"'  VCk’tily  is  ntarly  InJepemlen.  of  ejector  gcomdry  or 
setback  and  has  nearly  the  slope  of  the  no-ejector  ease. 
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• \s  .1  second  order  effect,  the  rate  of  change  of  base  drag  with  velocity  increases  as  the 
ejector  area  ratio  increases. 
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6.3. 5. 2 Ramp  Drag 

I he  ramp  drag  (detailed  in  sec.  6.3. 6.2)  is  a function  of  the  square  of  the  velocity.  'I  lie 
presence  ot  an  ejector  affects  the  level  of  the  ramp  drag  statically  but  does  not  JTfect  the 
rate  of  change  of  ramp  drag  with  velocity. 

6. 3. 5. 3 Afterbody  Drag 

I lie  sum  of  i lie  linear  base  drag  and  nonlinear  ramp  drag  is  shown  in  figure  70  as  a function 
of  the  velocity  for  the  31-tube  suppressor  and  various  ejectors. 

6.3. 5. 4 Ejector  Lip  Suction 

Ijector  lip  suction  decreases  with  increasing  velocity.  Over  the  range  of  ejector  area  ratios 
investigated,  the  level  of  lip  suction  is  primarily  determined  by  the  static  performance  be- 
cause the  rate  of  change  of  lip  suction  with  velocity  is  reasonably  independent  of  configura- 
tion for  ejectors  with  sufficient  length  and  unrestricted  inlets*.  The  nonlinear  decrease  in 
lip  suction  with  velocity  is  due  to  the  movement  of  the  stagnation  point  on  the  lip  and  the 
decrease  in  secondary  air  handling  due  to  the  ramp  drag  penalty  and  possible  decreased  in- 
let recovery. 

I igure  7 1 demonstrates  lip  force  as  a percentage  of  ideal  thrust  versus  velocity  for  various 
ejectors  fitted  to  the  31-tube,  NAR-2.75  suppressor.  Notice  that  the  3.7%  decrease  in  lip 
suction  1 ID  Irom  static  to  167  kn  holds  even  though  the  level  of  the  EAR-3.1  with  zero 
setback  configuration  is  5%  higher  than  the  EAR-2.6  configuration  with  setback.  Two  ex- 
ceptions are  shown  in  the  figure.  The  EAR  2,6  ejector  without  setback  has  an  inlet  that  is 
so  restricted  that  the  secondary  air  is  supersonic  at  the  throat  at  pressure  ratio  = 2.7.  Se- 
vere ejector  vibrations  due  to  the  shock-induced  flow  instabilities  prevent  the  acquisition 
of  data  at  pressure  ratio  3.0.  As  mentioned  in  the  discussion  of  pressure  ratio  effects,  per- 
formance decreases  rapidly  (with  increasing  pressure  ratio)  just  prior  to  the  onset  of  ejector 
vibration.  It  was  also  noted  that  the  pressure  ratio  at  which  supersonic  throat  How  occurs 
moves  to  slightly  higher  values  as  the  velocity  increases.**  The  combination  of  these  effects 
produces  the  decreased  lapse  rate  noted  for  the  restricted  inlet  of  the  EAR-2.6  ejector  with 
zero  setback  (shown  at  PR  = 2.7).  The  implication  is  that,  had  the  ejector  inlet  been 
slightly  larger,  the  lip  suction  at  low  velocity  would  have  increased  to  result  in  a lapse  rate 
cl  nearly  the  3.79?  noted  for  the  other  configurations.  The  other  exception  noted  in  figure 
7!  demonstrates  the  dependence  of  ejector  performance  on  ejector  length.  As  the  ratio  of 
the  eject or-to-suppressor  area  ratios  (EAR/NAR)  increases,  more  ejector  length  is  required 


1 heoreiieally  (rcl  6),  lip  .suction  increases  as  ejector  area  ratio  increases. 
**f*robably  a rani  effect  due  lo  increased  I’j  freestreani  (relative  to  P-pj,) 
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31  tube  NAFt  2 75  radial  array 
with  elliptical  ramp  and  elliptical 
convergent  tubes,  Ly/D„n  = 0.5 

Le/Doq  = 20 

PR  = 3 0 
Tj=  ambient 


Figure  70  — Afterbody  Drag  Versus  Velocity  for  a 31-Tube  NAR  = 2 75 
Radial  Array  With  Various  Ejectors 


31-tube, NAR  2 75  radial  array 
with  elliptical  ramp  and  elliptical 
convergent  tubes,  L /DRa  = 0.5 

LE/Deg“20 
PR  = 3.0 
Tj=  ambient 


EAR  (SB/Deq) 
3.1  (0) 


2 6(01* 
3.7  (0) 


3 1 (0.25) 


2 6(0  251 


Extrapolated  from 
PR  =2.8 


i 


i 


jo  produce  optimum  mixing.  Though  the  subject  of  ejector  length  is  (rented  separately 
<see.  (>.3.7.5 ).  it  is  instructive  to  note  that,  on  the  chosen  NAR-^,75  suppressor  fitted  with 
various  area  ratio  ejectors  of  constant  length  (Lp/Dcq  = 2.0).  the  EAR  3.7  ejector  is  not 
long  enough  to  provide  sufficient  mixing.  The  result  is  a decrease  in  entrained  secondary 
air  and.  in  turn,  a decrease  in  the  velocity  of  the  air  entering  the  inlet.  Thus,  the  lip  suc- 
tion did  not  change  as  much  with  forward  velocity  as  it  did  in  the  other  configurations. 

I he  short  (1  p/Dcq  = 2.0).  I AR-3.7  ejector  fitted  to  the  NAR-2.75  suppressor  shows  no 
decrease  in  lip  suet  ion /I  ID  above  90  kn. 

6 3.5.5  Gross  Thrust  Coefficient 

I he  gross  thrust  coefficients  for  the  various  ejectors  fitted  to  the  31-tube,  NAR-2.75  sup- 
pressor are  shown  in  figure  72  as  a function  of  forward  velocity.  The  primary  components 
affecting  the  lapse  rate  are  the  surface  forces  shown  in  figures  70  and  71 . One-dimensional 
ejector  Ihcory  (ref.  0)  requires  an  increase  in  secondary  air  handling  and  lapse  rate  with 
increasing  ejector  area  ratio.  I or  the  I AR  2.6  and  3.1  ejector  area  ratios  investigated,  the 
dominant  effect  ol  the  ejector  is  to  shift  the  level  of  perfoi  rnance  and  not  to  produce  a 
large  change  in  lapse  rate.  Thus,  the  primary  effect  of  the  changes  in  EAR  and  setback  for 
these  configurations  is  to  alter  the  effective  ejector  inlet  area  into  which  a nearly  fixed 
amount  of  secondary  air  must  flow. 

The  EAR  2.6  ejector  provides  such  a restricted  inlet  that  supersonic  inlet  How  occurred  at 
a pressure  ratio  of  2.S.  By  increasing  the  setback  (SB/Deq)  to  0.25,  the  effective  inlet  was 
increased  sufficiently  to  eliminate  the  supersonic  flow  problem  and  produce  substantial 
reductions  in  both  lip  suction  and  afterbody  drag,  resulting  in  a favorable  tradeoff  for  a 
net  increase  of  1 .2  at  all  velocities.  The  EAR  3.1  ejector,  on  the  other  hand,  has  enough 
inlet  area  (EAR/NAR  = 1.1  3)  that  zero  setback  produces  slightly  better  performance  than 
the  SB/Deq  = C 25.  (The  actual  peak  perlormanee  occurs  at  an  intermediate  setback.) 
Notice  that  the  small  change  in  performance  «0.5rf)  at  these  two  setbacks  is  a result  of 
more  than  3.5  change  in  lip  suction  and  base  drag.  The  EAR  3.7  ejector  of  the  same 
physical  length  as  the  others  has  insufficient  mixing  length  to  entrain  the  required  amount 
of  secondary  air  The  effects  of  the  decreased  secondary  air  handling  is  twofold;  the  static 
performance  is  less  than  the  EAR  3.1  ejector  because  of  insufficient  lip  suction,  but  lapse 
rate  is  also  less,  suggesting  higher  crossover  velocity.  The  crossover  velocities  are  greater 
than  1 67  kn  for  all  ejectors  used  with  the  31 -tube  suppressor  except  the  restricted  inlet 
case  ol  1 AR  2.6  without  setback. 

I he  performance  ol  the  same  set  of  ejectors  on  a different  suppressor  (37-tube,  NAR-2.75, 
close-packed)  is  shown  in  figure  73  for  comparison.  The  performance  levels  are  lower  than 
those  for  the  31-tube,  NAR-2.75  radial  (fig.  72)  due  to  the  decrease  in  ventilation  on  the 
elose-paeked  array.  The  lapse  rates  are  similar  for  the  EAR  2.6  and  3. 1 ejectors  with  SB/Deq 
= 0.25  and  the  EAR  3.7  ejector  without  setback.  The  EAR  3.7  ejector  (1  AR/NAR  = 

1.13)  has  an  eject or-length-to-individual-jet  diameter  ratio  (L  p d ) of  I 1 .7,  which  appears  to 
have  been  sufficient  to  provide  approximately  the  same  secondary  air  handling  as  the  I AR 
2.6  and  3 I ejectors.*  Because  the  effective  inlet  area  is  more  restricted  on  the  37-lube, 


♦Recall  from  figure  72  that  the  same  ejector  on  the  3 1 -tube  suppressor,  L|,/d  = 10.7,  did  not  have  a 
sufficient  number  of  tube  diameters  to  entrain  the  amount  of  air  handled  by  the  EAR  3,1  ejector. 
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31  tube,  NAR  2,75  radial  array, 
t-T/DCq  ; 0.5  elliptical  ramp, 
elliptical  convergent  tubes 
PR  = 3.0 

Tj  = ambient 

LE/Deq  = 2-0 


'X  ..EAR  (SB/Deq) 

\ Via  3.1  (0) 

3.1  (0  25) 

\ C.  3.7  (0) 

\ 

\ 

2.6(0.25) 

V,  ® No  ejector 


''N)  2.6 


*Extrapolated  from  PR  = 2.8 
(severe  ejector  vibration  due 
to  shock  induced  flow  instabilities 
prevent  data  acquisition  at  PR>2.8) 


Voo  , kn 


Figure  72.— Effect  of  Ejector  Area  Ratio  on  Performance  at  Forward  Velocity 
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close-packed  nozzle  Hum  the  31  mho  radial,  more  setback  is  required  to  obtain  optimum 
|H  r,ormaiut‘-  1 l,lls  »“■'  * AR  3.1  ejector  with  setback  (SB/l)ct|)  0.25  has  higher  perform- 
ance t um  the  no  setback  case  for  the  close-packed  array  while  the  same  amount  of  setback 
was  more  than  wes  needed  for  the  well-ventilated  radial  array. 

I lie  reasons  lor  the  occurrence  of  both  increased  performance  and  decreased  lapse  rate  due 

0 setback  lor  the  1 AR  3.1  ejector  (lines  a and  e in  fig.  73)  are  discussed  in  section  6.3  7 4 

1 mes  band  d in  I, sure  73  demonstrate  the  effect  of  ejector  length  when  all  other  parameters 
are  held  constant.  I he  high  static  performance  and  sharp  increase  in  lapse  rate  for  the 
longer  ejector  imply  that  substantially  more  ejector  length  than  1 2 individual  jet  diameters 

is  necessary  to  entrain  the  maximum  amount  of  secondary  air  when  I AR/NAR  = I 3 
Even  though  the  static  performance  of  the  long  ejector  is  about  4.5 % higher  than  that  of 
the  short  ejector,  the  combination  of  the  ram  drag  penalty  due  to  the  increased  secondary 
a.r  h indhng  and  the  friction  drag  on  the  increased  wetted  area  produces  a greater  lapse  rate 
bn  the  long  ejector,  and  thus  the  short  ejector  performs  better  at  velocities  above  1 30  kn 
I lie  example  points  out  the  general  trend  that  if  and  only  if  enough  ejector  inlet  area  and 
ejector  length  are  provided,  the  effect  of  increasing  ejector  area  ratio  results  iu  increased 

static  performance  and  an  increased  lapse  rate  which  causes  a performance  deficit  at  takeoff 
velocities. 


Having  examined  particular  suppressors  with  various  ejectors,  the  effects  of  varying  other 
parameters  can  now  be  examined. 

6.3  6 SUPPRESSOR  GEOMETRY  EFFECTS 

6 3.6  I Nozzle  Area  Ratio 

The  effect  ol  varying  only  suppressor  area  ratio  on  a suppressor  with  a fixed  ejector  size  is 
demonstrated  on  figure  74  l or  the  fixed  I AR  of  3.1,  the  NAR-3.3  suppressor  is  the  largest 
nozzle  area  ratio  that  can  he  used  without  jet  impingement  on  the  ejector  This  “tight” 
elector  configuration  produces  such  a restricted  effective  inlet  area  (without  setback)  that 
supersonic  flow  is  monitored  at  the  ejector  throat.  By  increasing  the  setback  to  0 25 
SB  Deep  flic  base  drag  is  reduced  enough  to  produce  a 7.5%  increase  ...  performance  (Cf  ) 

b,»  .'bV  ,?1  * !C  larira.,tfr,a",S  a,,pr0xi,"a,cly  tl,c  s;mK'  ,or  configurations,  suggest- 
ing that  they  handled  similar  amounts  of  air  and  that  the  dominant  feature  of  the  restricted 

inlet  was  to  prouucc  large  values  ol  base  drag.  I he  performance  of  the  nozzle  area  rafio 
S s,,PPa;ssor  Wl,b  the  same  ejector  benefits  from  the  larger  annular  opening.  Aa  Its 
zero  setback  performance  is  nearly  7%  above  that  of  the  NAR-3.3  suppressor  The  perform- 
ance level  ol  the  N AR-2%5  suppressor  without  setback  is  within  1%  of  the  NAR-3.3  sup- 
pressor with  setback  at  I 67  kn,  and  the  lapse  rate  of  the  two  curves  is  within  0.75%. 

I he  change  in  lapse  rate  with  setback  for  the  NAR-2.75  nozzle  is  explained  in  par.  in  sec- 
tion 6 4 Because  the  ejector  is  at  the  limit  ol  sufficient  mixing,  some  of  the  change 

m lapse  rate  may  be  due  to  secondary  air-handling  variations  caused  by  setback.  (There  is 
insufficient  data  to  verify  or  contradict  this.) 
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37  tube, close  packed  arrays,  Lj/D 

PR  30 
T-j-  =»  ambient 

EAR  » 3,1 
LE/Deq»2  0 

NAri 

A 3.3 
O 2,75 


Zero  setback 

SB/D^  = 0.25 


\\ 

\x 

% 


NAR  (SB/Deq) 


2.75  (0.25) 


X 3 


3 40  25) 


o 2.75(0) 


*0nset  of  ejector  vibration 
due  to  shock  induced  flow 
instabilities 


Voo  , kn 

Figure  74.— Effect  of  Suppressor  Nozzle  Area  Ratio  on  Performance 
With  Forward  Velocity 


6.3. 6.2  Ramp  Shape 


Relerenec  4 indicated  a perlormance  gain  due  to  the  use  of  a ramp  rather  than  allowing  a 
separated  region  to  exist  between  the  outer  tubes  and  the  nacelle  o d.  as  shown  below 


No  ramp 


Circular  arc 
ramp 


Elliptical 

ramp 


Rumps  were  always  used  in  the  present  investigation  to  minimize  the  separated  base  region. 

I wo  ramp  shapes  were  used:  a circular  arc  ramp  terminating  at  the  outside  ol'  the  outer 
tubes  ami  an  elliptical  ramp  extending  to  the  center  of  the  outer  row  tubes  (tig.  75).  The 
total  projected  area  ol  the  sum  ol  the  ramp  and  base  are  the  same  for  the  two  configura- 
tions. It  was  assumed  at  the  outset  that  the  increase  in  minimum  dimensions  from  the  base- 
plate to  the  ejector  provided  by  the  elliptical  ramp  would  result  in  improved  mass  flow  into 
the  ejector  and  the  radial  location  ol  the  separated  flow  should  be  less. 

Minimizing  the  separate  region  by  using  a ramp  is  important,  but  experimental  results  show 
that  the  shape  of  the  ramp  is  unimportant  to  the  overall  performance  of  the  ejector  suppres- 
sor in  the  range  ol  tube  lengths  pressures  and  velocities  tested.  Figure  76  shows  the  ramps 
superimposed  on  a 37-tube,  NAR-3.3  suppressor  with  an  FAR-3.1  ejector. 
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Circular  arc 


Elliptical 


Figure  76-Superposition  of  Circular  Arc  and  Piiinu^i  o 

Suppressor  With  EAR-3. 1 E/ector  (Jem  sJtbaTkT  °"B37  Tube'  NAR-3-3 


hin- iun  r - - — - „„ 

•l»»  OJV  over  tile  e,,„re  e'"T  dUC  ">  ™P  «»>»PC  is  h. 

lor  tlie  elliptical  ramp  titan  the-  circular  ire  ramp  (I)  ■ trm  ^ r'""|Ulrae  was  <*  Wgltcr 

-*  *»**"*-*- 

1 J,e  lip  sl,ction  does  1,01  “know”  which  rump  is  being  used  At  1 67  k„  „ ,• 
percentage  ol  ideal  thrust  equals  5 3^  and  5 77  i J„  , k”  ll,c  !,P  suction  as  a 

— - U,  mass  not, 

is l|i o t' !rr Te c ted c** p”o^ciVcc *0^ f' t^io^^e cto ” T*’  '°  *0rwartl  velocity 

ejectors  and  setback  on  the  31-tube  NAR  7 75  'f.'V8  S 'OWS  ,h‘M  ,0r  ;l11  combinations  of 

” " ‘,C*CUnta«C  °f  ^mary  thrust  a,  p^ure^t^  dra« 


^ramp 

FID 


static 


+ (6.7  x IO'5)V^ 


*A.  In  kn,  ilic  no-ejeeio!  case  has  D.n/IW  = i *v  ,■  ....  , 

ramp.  •',l/  1 A3  ' h,r  lbc  c,rai1^  arc  and  7.45%  for  the  elliptical 
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- U.  Instead  tlit*  values  are  taken  at  PR  = 28* 
aludme  Hu*  msts.de  ol  the  outer  row  tubes  (at  the  baseplate)  that  does  not  “know”  nl 

Icli  tZ:!TKM'  '"'K  !'a”d  °"  ",e  ,l'lul"-'-  NAK-2.7S  radial  array  which  is  a very 
,il.„;o  |',e  ) "Z'T-  7 7"7iSO"  tM,l,inc  suppressor  with  ,hc  poorest  ven- 

»iiows  r R ■ 3j- ' *“  79 
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6.3. 6. 3 Tube  Number 

Changes  in  lapse  rate  due  to  tube  number  are  insignificant  References  I ,,„i  o . 

• * I i k soi  tje  (.tor  eo  it  figuration  (with  constant  suppressor  and  ejector  area  r itio)  results 


die  "!,»!Z Wi"'  '*!“'>  ™>  * pressure  raid. 

of  the  to, ,,  0 - '.  ,1"“'  '"  "K  ,a"  ol  d""*'c  >'™B  >>"  "«  ramp  due  solely  to  the  presence 

J *■  lst)“-'f  c ven  for  these  very  restricted  “choked” inlets  at  PR  - 2.8. 

I occurit nee  of  supeisome  Dow  at  the  ejector  throat  is  observed  for  “tight”  ejectors  (PAR/NAR  ^ 1 1 
;,s  ",c  suppressor  ventilation  decreases  clue  to  insufficient  setback.  N AR  ^ I ) 


o 
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Figure  80-Effect  of  Suppressor  Tube  Number  on  Performance  With  Forward  Velocity 


6 3.6.4  Tube  Shape 


Reference  1 established  the  importance  of  the  shape  of  the  individual  tubes  on  the  base  drag 
and  internal  performance  of  nniltitube  suppressors.  The  level  of  base  drag  is  a strong  func- 
tion of  the  ventilation  area  between  the  outer  row  tubes.  Use  of  elliptical  convergent  tubes 
was  recommended  because  they  provide  large  ventilation  areas  without  sacrificing  internal 
performance.  The  present  investigation,  while  concentrating  on  elliptical  convergent  tubes, 
also  sampled  the  lapse  rate  of  configurations  with  round  convergent  tubes.  Figure  81  sug- 
gests that,  while  the  level  of  performance  is  sensitive  to  the  ventilation  resulting  from  the 
tube  shape,  the  lapse  rate  is  reasonably  independent  of  tube  shape. 

6. 3.6.5  Tube  Length 

The  tube  length  behaves  like  the  other  geometric  parameters  affecting  ventilation  (i.e.,  the 
level  of  performance  is  a function  of  tube  length,  but  the  lapse  rate  is  reasonably  indepen- 
dent of  tube  length).  References  I and  2 discuss  the  importance  of  tube  length  on  the  static 
performance  of  multitube  nozzles.  Figure  82  demonstrates  the  lack  of  dependence  of  lapse 
rate  on  tube  length. 

6. 3. 6.6  TuIh?  Array 

Tube  array,  another  parameter  affecting  base  ventilation,  does  not  affect  the  lapse  rate  of 
suppressor/ejector  nozzles.  References  1 and  2 demonstrate  the  strong  increase  in  static 
performance  due  to  the  increased  ventilation  provided  by  radial  arrays  compared  to  close- 
packed  arrays.  Figure  83  shows  the  performance  of  close-packed  and  radial  array  suppres- 
sors, each  having  nozzle  area  ratio  = 2.75  and  each  fitted  with  the  same  ejector  (FAR  3.1 ) 
and  no  setback.  The  lapse  rate  of  the  two  configurations  is  nearly  identical.  This  behavior 
suggests  that  they  handled  the  t amount  of  secondary  air.  The  difference  in  perform- 
ance level  can  be  attributed  to  me  small  base  drag  resulting  from  good  ventilation  in  the 
radial  array.  Notice  that  the  radial  array  nozzle  has  the  same  performance  at  1 15  kn  that 
the  close-packed  array  has  statically.  The  lack  of  dependence  of  lapse  rate  on  ventilation 
supports  the  flow  model  presented  in  section  63.1.3.  In  summary,  the  last  four  sections 
have  shown  that  the  geometric  suppressor  parameters  that  greatly  affect  static  performance 
do  not  contribute  substantially  to  the  rate  of  change  in  performance  due  to  forward 
velocity. 

6.3,7  EJECrOR  GEOMETRY  EFFECTS 

6.3.7. 1 Ejector  Drag 

6 7.  / / Pressure  Drag.— As  velocity  increases,  an  increasing  drag  force  is  measured  on  the 

ejector  boattail.  For  the  constant  area  mixers  of  this  investigation  the  boattail  drag  is  the 
only  ejector  pressure  force  countering  the  ejector  lip  suction.  Figure  84  shows  the  ejector 
drag  (exclusive  of  skin  friction  drag)  as  a percentage  of  ideal  thrust  for  various  ejector  area 
ratios,  and  the  curves  for  both  the  EAR  2.6  and  3.1  ejectors  can  be  expressed  as 
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|\  37  tube,  NAR  3 3,  close-packed  suppressor  with  elliptical  ramps 

\ PR  30 

v T-j-  « ambient 


^ ® Round  convergent  tubes 

X LT/Dop  = 0.75 

'sv  BEIliptical  convergent  tubes, 
\ Lj/DCq=0.75,  except 

\ where  noted 

\ 

\Lt/DM.0  6 '■I 


EAR  3.1  (SB/De(J  = 0.25) 


3 No  ejector 


"Severe  ejector  vibrations 
due  to  shock-induced  flow 
instabilities  prevent  acqui- 
sition of  pressure  ratio  3.0 
data  below  80  kn 

"Extrapolated  from  PR  = 2.8 


EAR  3.1,  zero  setback 


150  200  240  280 

Vac,  kn 


Figure  81. -Effect  of  Tube  Shape  on  Performance  With  Forward  Velocity 


T 


Figure  82.  Effect  of  Tube  Length  on  Performance  With  Forward  Velocity 
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ohl  •.  constant  l.p  shape  and  thickness,  the  I Ak  3.7  ejector  has  a diameter  127,  larger  .ha, 
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6. 3. 7. 2 Secondary  Air  Handling 

I lie  el  led  ol  forward  velocity  in  the  I mine!  results  in  the  Following  relationships: 

' Wl*  m .i,h>0°  ^ l;'kl|cunsl‘m''  |Ik‘  c licet  of  increasing  velocity  is  a red  tie- 
m I 1 1».  Wl  , and  huice  ideal  primary  thrust.  I II),  decreases 

* 11  1*1 1*  l*loo  is  held  constant  as  velocity  increases,  the  results  are: 

I ( onslant,  l’|  p,  and  primary  weight  How,  W’l\ 

2.  I he  pressure  ratio  |-|  v VOB  increases,  (l  or  Pjp/I’T^  = 3 0.  Ml)  increases  1.7% 
rom  stalic  to  16  kn  lor  standard  day,  ambient  conditions  and  2.0  for  I I50°K) 

( ons.der  the  Allowing  relationship  where  velocity  is  varied  hut  l»T.»/l‘|  „ is  held  constant 
a primary  mass  I low  is  independent  ol  velocity  as  shown  in  figure  85. 
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hgure  85.  Primary  Weight  Flow  as  a Function  of  Velocity  (< Constant  PTp/P\ x) 
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Notice  the  pa-ssurc  ratio  must  rise  Iron,  3.0  to  3.138  to  produce  a constant  l>r»  l*r  - 
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1 he  3 1 tube  radial  array  with  1 AR  3.1  ejector  and  setback  is  studied  in  detail  throughout 
tins  investigation.  Plotting  trie  lip  lorce  in  pounds  as  a function  o!  Pl'p/Pj  results  in 
figure  88  00 


Figure  88,-Lip  Force  Versus  Velocity  for  the  31  Tube  NAR  2,75  Radial  Array 
With  EAR  3.1  Ejector  ( Zero  Setback) 

The  lip  force  is  shown  to  decrease  by  4.6 % from  static  to  167  kn  (lip  force/FID  decreases 
by  47.7%  from  LIP/FID  = 8.73%  to  LIP/FID  = 4.57%  at  PTp/PT  = 3.0).  The  compari- 
son ol  this  configuration  with  that  discussed  above  from  reference  7 suggests  a much  larger 
decrease  m secondary  air  handling  with  velocity  for  the  3 1 -tube  configuration.  If  the  ratio 
ol  weight-flow  change  to  lip-suction  change  due  to  velocity  were  the  same  for  the  two  con- 
figurations (it  may  not  be),  then  the  amount  of  secondary  air  handled  by  the  31 -tube  noz- 
zle with  FAR-3.1  ejector  and  setback  would  decrease  by  30.2%  as  velocity  increases  from 
static  to  167  kn 


From  the  above  discussion  we  can  establish  some  general  qualitative  results: 

• I veil  with  the  two-to-onc  ellipse  inlet  chosen  for  the  present  investigation,  the  inlet 
recovery  decreases  substantially  with  forward  velocities. 

• File  decrease  in  secondary  air  handling  results  in  a decrease  in  the  ram  drag  penalty, 
which  in  turn  diminishes  the  rate  of  decrease  in  performance  (i.e.,  improved  lapse 
rate)  with  increasing  velocity. 

6.3, 7, 3 Inlet  Flow  Model 


Secondary  air  entering  the  ejector  to  mix  with  the  primary  How  must  pass  through  either  the 
area  between  the  outer  tubes,  As,  oi  the  annular  area,  Aa  (fig.  89). 


An  effective  inlet  area  can  be  defined  by  assigning  discharge  coefficients  to  the  two  gcomet 
How  areas 
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Ac  ff  = Ci)SAs  + Q)AAA, 

where  Aeff  is  the  effective  ejector  inlet  area. 

^ 1>S  's  thschar^e  coeflicicnt  of  the  llow  passing  between  the  outer  row 
tubes. 

C I)A  is  the  discharge  coefficient  ol  the  minimum  annular  area  between  t he 
outer  row  tubes  and  the  ejector  lip. 

1 he  present  investigation  did  not  measure  secondary  mass  flow  rate  and  thus,  does  not 
quantily  the  values  of  ( [)$  and  Cl)A,  On  the  other  hand,  the  results  and  analysis  presented 
in  this  chapter  give  a qualitative  understanding  ol  the  relative  importance  of  C|)jj  and  Cl)^. 

F or  a fixed  primary  geometry,  constant  primary  gas  conditions,  and  constant  ejector  area 
ratio  and  length,  a given  primary  nozzle  tends  to  entrain  a constant  amount  of  secondary 
air;  thus,  any  changes  in  the  secondary  air  handling  must  be  due  to  ejector  inlet  losses. 

Experimental  results  suggest  a flow  field  as  shown  in  figure  90. 
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Figure  90— Schematic  for  Suppressor  /Ejector  Inlet  Flow  Field 
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A large  recirculation  region  exists  al  t of  the  hast-  plate.  The  jets  exiting  the  central  tubes 
entrain  air  from  the  lecirculation  region,  which  must  be  replaced  by  air  having  a radial  com- 
ponent. crossing  As  I he  remainder  of  the  secondary  air  goes  directly  into  the  ejector 
through  Aa  and  a small  portion  of  As.  Statically,  as  the  annulus  area,  Aa  is  reduced  by 
decreasing  setback  (constant  suppressor  and  ejector  geometry  and  gas  conditions),  the 
velocity  of  the  secondary  mass  flow  must  increase,  resulting  in  a static  pressure  depressioi 
at  the  outside  ol  the  recirculating  region.  The  demand  for  mass  flow  into  the  recirculating 
region  remains  similar  because  the  suppressor  jets  tend  to  entrain  a quantity  ol  mixing  air 
that  is  independent  of  the  inlet  size.  The  pressure  near  the  outside  of  the  baseplate  pro- 
duced by  the  velocity  ol  the  air  entering  the  ejector  produces  large  changes  in  the  base  pres- 
sure and  hence  the  level  of  drag.  Using  setback  as  a technique  to  increase  the  annular  inlet 
to  the  ejector  and  lower  the  velocity  ol  the  inlet  air  results  in  a substantial  reduction  in  base 
drag. 

I he  drag  on  the  flat  baseplate  linearly  increases  with  freestream  velocity  for  configurations 
tested.  I he  dominant  effect  of  the  ejector  on  base  drag  is  to  increase  base  drag.  As  forward 
(I  roost  re  am)  velocity  increases,  the  momentum  of  the  secondary  air  resists  turning  to  enter 
the  recirculating  region  between  the  tubes  near  the  baseplate.  The  related  reduction  in 
pressure  on  the  boundary  of  the  recirculating  region  results  in  an  increased  drag  with  veloe- 
ity.  II  the  quantity  of  air  entrained  from  the  recirculating  region  were  dependent  upon  the 
inlet  area,  then  the  slope  of  the  base  drag  curve  would  be  dependent  on  inlet  area.  How- 
ever, this  is  not  the  case.  1 he  slope  ol  drag  increase  with  velocity  is  independent  of  ejector 
size  or  inlet  area.  (There  is  a second  order  effect  of  an  additional  increase  in  base  drag  due 
to  increasing  ejector  area  ratio).  The  fact  that  the  increase  in  drag  is  also  small  compared 
to  the  value  of  the  static  drag  implies  that  a relatively  small  percentage  of  the  secondary  air 
passes  into  the  recirculating  region.  For  the  configurations  investigated  this  requires  that 
CD,)  be  small  compared  to  C|)^. 

Over  the  range  of  variables  investigated,  changes  in  inlet  geometry  produce  large  variations 
m surface  pressure  forces  while  creating  relatively  small  variations  in  secondary  mass  Dow. 

As  a result,  changes  in  performance  level  are  large  in  comparison  to  changes  in  lapse  rate. 

6.3. 7. 4 Inlet  Geometry 

Reference  2 shows  that  ejector  setback  is  a useful  mechanism  to  provide  optimum  perform- 
ance through  the  tradeoll  between  base  drag  and  lip  suction. 

figure  I shows  the  effects  ol  setback  on  the  performance  of  a constant  suppressor  /ejector 
as  a function  of  forward  velocity.  At  any  fixed  velocity,  performance  is  a nonlinear  func- 
tion ol  setback  as  demonstrated  in  figure  92.  Base  drag  decreases  asymtotically  with  in- 
creasing setback  while  the  lip  suction  has  a peak  value  at  the  minimum  effective  inlet  area 
tliat  provides  the  amount  of  secondary  air  that  can  be  entrained  by  the  primary  jets. 

I or  ‘tight  ’ ejectors  (FAR/NAR  ^ 1 ),  the  annular  secondary  flow  area  Aa  is  inherently 
small,  and  setback  must  be  used  to  optimize  the  performance.  Figures  91  and  93  show  the 
increase  in  performance  due  to  increasing  the  inlet  area  with  setback  for  two  configurations 
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37-tubc,  NAR-3.3,  close  packed  array  with  elliptical 
ramp  and  elliptical  convergent  tubes,  LT/D  = 0 75 
Ejector:  EAR  3.1,  Lp/D,^  » 2.0  eq 

PR  = 3.0 
Ty  = ambient 

EAR/NAR  = 0.94 


Severe  ejector  vibrations  due  to 
shock-induced  flow  instabilities 
prevent  acquisition  of  pressure- 
ratio-3.0  data  below  8.0  kn  for 
this  configuration 
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Figure  91.  Effect  of  Setback  and  Velocity  on  Performance  (Other  Parameters  Constant) 


Setback  SB'D^ 
eq 


Figure  92  — Variation  of  Performance  as  a Function  of  Setback  and  Velocity  for  the 

37-Tube,  NAR-3.3  Close-Packed  Array  With  EAR  = 3.1  (EAR/NAR  = 0.94) 
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Figure  93.  Performance  as  a Function  of  Setback  and  Velocity  for  a 61 -Tube 
NAR-3.3  Suppressor  With  EAR  =3.1  Ejector  (EAR/NAR  = 0.94) 
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with  I AR/NAR  = 0.94.*  The  performance  gain  due  to  setback  becomes  increasingly 
favorable  as  velocity  increases.  At  all  velocities  the  tight  ejectors  require  a setback  greater 
than  0.25  (SB/Dt,(J)  to  produce  optimum  performance. 

figure  94  shows  the  effect  of  using  setback  to  increase  the  inlet  area  on  a LAR/NAR  = 112 
configuration  The  annulus  A^  is  inherently  larger  than  on  the  tight  ejectors.  Therefore,  the 
improvement  in  performance  with  setback  is  less.  1 he  performance  level  improves  and  the 
lapse  rate  is  less  for  the  setback  configuration.  I igure  95  shows  another  LAR/NAR  = 1.12 
ejector.  1 hough  the  ejector  length  was  too  short  (sec.  6. 3. 7. 5)  to  provide  enough  mixing, 
the  lapse  rate  was  still  less  for  the  setback  case. 

When  LAR/NAR  is  large,  the  peak  static-  performance  is  obtained  with  zero  setback  be- 
cause the  annular  inlet  aiea,  A^,  is  sufficiently  large  to  provide  the  amount  of  secondary 
air  necessary  to  mix  with  the  primary  jets.  Increasing  setback  statically  reduces  the  inlet 
velocity,  and  hence  the  lip  suction,  while  the  base  drag  remains  nearly  constant.  Figure  96 
demonstrates  the  effect  of  setback  on  an  LAR/NAR  = 1 .34  configuration.  Again,  the 
lapse  rate  is  less  for  the  setback  case,  resulting  in  a performance  crossover  where  the  setback 
aise  outperforms  the  no-setback  at  velocities  above  I 20  kn. 

In  all  cases  investigated,  the  lapse  late  was  less  than  the  lapse  rate  at  smaller  setbacks. 

1 herefore,  setback,  unlike  ejector area  ratio  and  length,  provides  a mechanism  for  optimiz- 
ing performance  without  increasing  the  lapse  rate.  The  effect  of  setback  on  lapse  rate 
should  be  viewed  as  “fine  tuning”  because  the  changes  in  lapse  rate  with  setback  are  second 
order  compared  to  the  changes  in  performance  level.  These  characteristics  are  consistent 
with  the  flow  model  that  suggests  that  geometry  changes  produce  much  larger  changes  in 
the  surface  pressure  forces  than  in  the  lapse  rate  due  to  secondary  air  handling. 

1 hough  changes  in  lapse  rate  due  to  setback  are  relatively  small,  the  experimental  results 
suggest  a behavior  of  performance  versus  setback  and  velocity  as  shown  in  figure  97. 

Notice  that  the  percentage  of  performance  decrease  due  to  increasing  velocity  (lapse  rate) 
is  less  as  setback  increases.  From  the  above  behavior  and  that  shown  in  figure  91  an  impor- 
tant performance  consideration  is  evident.  The  optimum  ejector  setback  allows  both  high 
static  performance  and  minimum  ram  drag  penalty.  The  setback  should  be  optimized  at 
the  takeofl  condition.  T his  will  automatically  minimize  lapse  rate  and  still  produce  nearly 
optimum  static  performance.  (The  setback  will  be  slightly  larger  than  optimum  for  static 
performance.) 
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*Notc  that  f AR/NAR  < 1 does  not  imply  jet  scrubbing.  (See  sec.  3.3.3.) 


Figure  94.  Performance  as  a Function  of  Setback  and  Velocity  for  the  37-Tube 
NAR  2.75  Suppressor  With  EAR  3.1  Ejector  (EAR/NAR  =11?) 
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Figure  95.  Performance  as  a Function  of  Setback  and  Velocity  for  the  19-Tube 
NA R-3.3  Suppressor  With  EAR  = 3.7  Ejector  (EA R/NA R=  1.12)  ' 
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Fi9Ure  X~PnTrZT<;  “ S Func',r°f  *",ac*  and  ^tocity  for  the  37-Tube 
NA R-2. 75  Suppressor  With  EAR-3.7  Ejector  (EAR/NAR  =1  14) 
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Figure  97.  Cfg  Versus  Setback  Showing  Optimum  Setback  is  a Function  of  Velocity 


6.3. 7.5  Ejector  Length  and  Area  Ratio 

The  ejector  length  required  to  produce  peak  static  thrust  is  a function  of  suppressor  element 
s /e  and  the  ratio  of  the  ejector  to  suppressor  area  ratios  (EAR/NAR).  One-dimensional 
ejector  now  analysis  (ref.  6)  demonstrates  that,  for  constant  primary  gas  conditions  the 
secondary  mass  flow  rate  increases  as  ejector  area  ratio  increases.  (The  analysis  assumes 
su  ticient  ejector  length  is  available  for  mixing  and  does  not  treat  the  effect  of  length.) 
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1 lie  peak  performance  ol  any  suppressor/ejector  system  occurs  when  the  ejector  length  is 
sufficient  to  provide  optimal  mixing  of  the  primary  jets  with  the  secondary  How  lairge 
local  peaks  in  the  velocity  profile  can  still  he  present,  but  their  value  must  be  slightly  less 
than  the  primary  core  velocity,  It  the  length  increases  substantially  beyond  this,  the  reduc- 
tion m eftective  area  due  to  boundary  layer  growth  and  drag  due  to  increased  wetted  area 
reduces  the  system  performance,  The  individual  element  size  affects  the  length  required  to 
mix  out  the  primary  core  As  the  number  of  primary  nozzle  tubes  is  increased,  the  amount 
ol  primary  jet  perimeter  available  to  induce  mixing  increases  and  the  ejector  length  re- 
quired for  maximum  secondary  air  handling  decreases.  For  the  multitube  suppressor  the 
required  length  is  conveniently  nondimensionalized  by  the  individual  tube  diameter.  The 
j<  ( core  mixes  out  in  nominally  twelve  Icngih-to-individual-jct  diameters  (ref.  5).  Aircraft 
constraints  required  an  ejector  ol  I | l)Ct,  = 2.0.  This  ejector  length  requires  37  equal 
area  tubes  to  provide  12  individual  jet  diameters  within  the  = 2 ejector.  As  the 

distance  between  the  outer  jets  and  the  ejector  wall  becomes  greater  (i.e..  as  I AR/NAR 
increases  I the  required  ejector  length  increases  to  provide  enough  distance  for  the  mixing 
to  extend  across  the  ejector.  When  the  ejector  length  is  less  than  required  for  optimum 
entrainment,  the  secondary  air  decreases,  resulting  in  lower  lip  suction  and,  hence,  lower 
static  performance. 

I or  short  ejectors,  which  entrain  less  than  the  maximum  amount  of  secondary  air,  the  de- 
crease in  secondary  mass  I low  results  in  less  ram  drag  penalty.  Thus,  the  shorter  the  ejector 
(<  I 2 individual  jet  diameters),  the  lower  the  static  performance  and  the  smaller  the  lanse 
rate  with  velocity.  1 his  results  in  a crossover  velocity  for  performance  of  any  suppressor/ 
ejector  with  ejector  length  as  the  only  variable.  A performance  envelope  can  be  established 
where  the  highest  static  performance  and  maxiniun  lapse  rate  are  provided  by  the  ejector 
of  sufficient  length  to  establish  mixing  across  the  ejector.  The  lowest  lapse  rate  will  be 
established  by  the  no-ejector  case.  The  static  performance  and  ram  drag  penalties  due  to 
too  short  an  ejector  are  much  more  severe  than  those  for  too  long  an  ejector.  Figure  98 
dramatically  illustrates  these  ctlects.  I he  L|  l)t>q  = 2 ejector  is  1 2 individual  jet  diameters 
long  for  the  37-tube  suppressor.  The  ejector  area  ratio  is  held  constant  at  3.7.  The  figure 
shows  that  the  NAR-2.75  suppressor  with  the  short  I |?/l)C(f  = 2.0  ejector  does  not  provide 
sufficient  mixing  length.  The  larger  area  ratio  suppressor,  NAR-3.3,  mixes  out  sooner  and 
the  decreased  distance  to  the  ejector  wall  decreases  the  length  required  for  the  primary  How 
to  spread  to  till  the  ejector  T Ins  revalts  in  greater  secondary  air  handling  and,  in  turn,  a 
steeper  lapse  rate.  The  air  handling  of  the  I AR-3.7  ejector  can  be  substantially  increased 
by  using  a long  ejector.  The  figure  shows  a 47<  increase  in  static  thrust  due  to  the  larger 
ejector  on  the  NAR-2.75  suppressor. 

However,  the  increased  air  handling  also  increases  the  ram  drag  penalty  and  skin  friction 
drag  to  the  point  where,  above  120  kn,  the  shorter  ejector  performs  better.  This  crossover 
velocity  and  the  trade  between  static  performance  and  lapse  rate  must  be  kept  in  mind 
when  designing  a suppressor/ejector  for  takeoff. 

6.3.8  TEMPERATURE  EFFECTS  ON  PERFORMANCE 

• Base  drag  and  lip  suction  both  decrease  with  increasing  jet  temperature. 

• I he  temperature  effect  is  more  pronounced  on  lip  suction  than  it  is  on  base  drag 
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Figure  98—  Effect  of  NAR  and  Ejector  Length  on  Performance  With  Forward  Velocity 


I he  observed  decrease  in  lip  suction  implies  a decrease  in  secondary  air  handling,  thus,  the 
ram  drag  penalty  (i.e  . decrease  in  lip  suction  with  increasing  velocity)  decreases  as  jet  tem- 
pcruture  increases.  Figure  99  shows  this  to  hr  the  case.  Statically,  the  lip  suction  at  I I50°F 
is . .3  <■  less  than  the  ambient  value  for  the  configuration  shown.  Increasing  velocity  pro- 
duces a decrease  in  lip  suction  for  both  cases.  Since  the  ram  drag  is  less  for  the  hot  flow, 
its  rate  of  decrease  is  less.  The  difference  in  rate  is  small  compared  to  the  static  difference 
m level  hence,  the  velocity  required  to  get  the  same  lip  suction  from  the  hot  and  cold  cases 

would  he  nearly  300  kn  lor  this  configuration.  Temperature  effects  on  internal  performance 
are  covered  by  reference  I.  1 L 

References  I and  2 detail  the  decrease  in  base  drag  due  to  elevated  temperature  for  static 
performance.  The  configurations  tested  at  I I 50: 1 to  establish  the  effects  of  forward  veloc- 
ity on  base  drag  showed  that  the  base  drag  is  slightly  less  at  1 150°F  jet  temperature  than 
ambient  at  all  velocities.  Insufficient  data  were  taken  to  quantify  the  amount  except  to 
notice  that  the  ratio  ol  change  of  drag  with  velocity  was  approximately  the  same  for  hot 
and  cold  configurations.  Thus,  a first  order  approximation  would  suggest  that  the  static 
reduction  in  base  drag  due  to  hot  primary  flow  he  used  as  the  quantity  of  reduction  at  all 
velocities.  In  this  manner  an  approximate  value  can  he  obtained  by  using  the  hot  to  cold 
changes  statically  Iron,  reference  2 and  the  rate  of  change  of  drag  with  velocity  from  the 
appendix  of  reference  10 

l nlortunately,  lip  suction  is  not  as  well  understood  as  base  drag.  Except  for  the  general 
statements  about  lip  suction  made  in  this  section,  the  present  investigation  can  only  con- 
clude that  future  testing  must  be  doneat  the  desired  temperature.  Performance  data  ac- 
quired at  elevated  temperatures  have  traditionally  been  much  less  accurate  than  ambient 
temperature  data.  The  present  program  was  successful  in  obtaining  I 1 50° F primary  flow 
data  statically  1 he  limited  wind-on  data  suggests  a need  for  substantial  development  prior 

to  ut ure  wind  tunnel  perlormance  tests  to  insure  the  correct  temperature  profiles  and  data 
levels  and  repeatability. 
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7.0  CONCLUSIONS  AND  RECOMMENDATIONS 
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be  needed  lor  such  a configuration,  and  the  setback  could  he  used  to  “fine  tune”  the 
system  over  t lie  velocity  range. 

I ho  use  of  a ramp  lo  avoid  a soparalion  region  lictwoon  II, c baseplate  and  (lie  nacelle  outer 
diameter  is  recommended  hi, I the  shape  ol  ramp  is  unimportant  C' 

equ.p'nent ) should  be  opened  along  the  ejector  to  effectively  reduce  the  length  of  th^ejector 
cutting  down  the  mixing,  and  hence  reducing  the  amount  of  secondary  air  handled 

“,iS  inVCS,i8a,i°n  Was  C°,Uh,ctul  wi,h  jet  temperatures.  The  effects 

‘ <-  Jet  temperatures  on  the  rate  ol  change  of  afterbody  drag  with  velocity  appears 

mm.maf  L,p  suction  and  secondary  air  handling  appear  to  decrease  significantly  wdh  velocity 
C JC  unperaturc  mcieases  (lor  a fixed  geometry  and  pressure  ratio)  Tlie  amount  of 
decrease  is  not  well  understood  except  to  affirm  that  lapse  rate  becomes^ less  as “ 
unperaturc  increases,  future  testing  must  be  done  at  the  desired  temperature  Performance 

temVcratuIe  dat'i,' ' Tte  t havc  tonally  bee,  much  less  accurate  than  ambient 

. . P |,  Tl  J *■ | stnl  pr°Sram  was  sneeessl  til  in  obtaining  1 1 50°F  primary  now  data 
slatiially.  The  It.mted  wtud-on  data  suggests  a need  lor  sttltslanlial  development  n no  to 

PCtf0t",an“  ,CStS '°  i,,S',rC  ««  '«"■“'<«  and  data  levels 

More  ellort  is  also  needed  to  quantify  the  effective  inlet  are*  fnmHi  data  is  provided  t , 

i'o'ltosem'md  bT|aCC7a,tC  ilss<fss‘."<^n,  01  «*  of  inlet  area  needed  for  nozzles  similar 

O those  tested  Though  the  prmctpal  llow  area  appears  to  he  the  outer  annulus  it  is  „o, 
possible  to  nondimensionali/.e  or  generalize  the  required  size. 
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